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FOREWORD 


Hie  Hydrofoil  Materials  Research  Program  was  initiated  in 
March,  1961  by  the  Navy  Department  Bureau  of  Ships  under  contract  NCbs 
8^593*  A  Phase  I  report  was  published  in  June,  1961  presenting  the  results 
of  an  extensive  literature  survey  of  available  data  on  60  potentially 
suitable  hydrofoil  materials  and  describing  plane  for  the  screening  test 
program  used  in  Phase  II  for  selection  of  the  two  most  suitable  materials. 
The  Phase  II  work  was  completed  in  May,  1963  and  the  test  data  and  analyses 
developed  during  this  period  are  presented  in  reports  published  in  May, 

1962  and  June,  1963*  This  is  the  final  report  covering  in  detail  the 
Phase  ITT  investigations  and  summarizing  all  cf  the  previously  reported 
efforts . 


The  project  has  been  administered  by  the  Hull  and  Scientific 
Broichof  BuShips  under  the  direction  of  Mr.  Ivo  Fioriti.  Acknowledgement 
is  made  of  the  technical  contributions  and  suggestions  offered  during  the 
final  phase  of  this  work  by: 

Mr.  John  Vasta,  BuShips 
Mr.  Don  Stevens,  BuShips 
Mr.  Gene  Aronne,  BuShips 
Dr.  T.  P.  May,  Inco 
Mr.  Dave  Anderson,  Inco 
Dr.  P.  P.  Puzak,  NRL 
Mr.  J.  R.  Goode,  NRL 
Mr.  Ralph  Huber,  NRL 
Mr.  J.  Z.  Lichtman,  NASL 
fir.  Abner  Willner,  DTMB 
Mr.  Lee  Williams,  MEL 
Mr.  Bob  Wolfe,  NASL 

and  many  specialists  within  the  LTV  Aerospace  Corporation.  Helpful  comments 
and  have  also  been  contributed  by  personnel  of  the  following  companies: 

Titanium  Metals  Corporation 
Harvey  Aluminum  Company 
Alloy  Uv.sting8  Institute 
Armco  Steel  Corporation 
Republic  Steel  Corporation 

Materials  for  fabrication  of  the  test  specimens  were  obtained  from 
Hie  United  States  Steel  Corporation,  Reactive  Metals  Incorporated,  Lebanon 
Foundry,  the  Liade  Division  of  the  Union  Carbide  Corporation,  and  Moaites 
Rubber  Company,  Inc.  Personnel  of  these  companies  have  contributed  signifi¬ 
cantly  to  this  program  by  comments  and  suggestions  on  heat  treatment,  welding 
and  other  processing  procedures  to  obtain  optimum  physical  and  mechanical 
properties  of  the  materials. 
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ABSTRACT 


Sixty  materials  were  studied  to  determine  their  suitability 
for  use  in  construction  of  high  performance  hydrofoils  and  struts.  Of 
these,  seventeen  materials  were  given  screening  tests  for  susceptibility 
to  sea  water  corrosion  and  impingement  erosion,  and  for  comparisons  of 
mechanical  and  fabrication  properties.  From  this  work  HY-130  low  alloy 
steel  and  Ti  7Al-2Cb-lTa  titanium  were  selected  for  development  of  design 
and  fabrication  data.  The  HY  130  suitably  protected  from  the  sea  water 
environment  with  a  neoprene  coating  is  available  for  use.  The  titanium 
alloy  shows  many  advantages  but  must  have  alloy  changes  to  preclude  stress 
corrueion  cracking  before  economic  benefits  can  be  realized. 
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SUMMARY 


Phases  I  and  II  of  this  program  reviewed  the  literature  to 
determine  promising  material  and  provided  a  screening  test  program  using 
the  resistance  of  the  materials  to  a  90  knot  hydrofoil  marine  environment, 
strength  to  weight  ratios,  impact  toughness,  material  availability,  and 
manufacturing  ease  as  the  primary  criteria  for  materials  selection.  As  a 
result  of  this  survey  and  the  screening  tests,  the  stainless  steels  and 
common  aircraft  steels  were  found  to  be  lacking  in  one  or  more  factors  when 
used  in  the  as-welded  condition.  An  epoxy  resin-glass  laminate  looked 
promising  except  under  long  tem  sustained  stress,  but  its  use  would  require 
a  development  effort  beyond  the  scope  of  this  program.  No  casting  alleys 
which  met  all  the  requirements  for  a  90  knot  continuously  submerged  hydro¬ 
foil  were  tested;  however,  later  tests  on  17-^FH  given  a  H-1100  age  looked 
very  promising  for  use  in  short  lived  experimental  foils.  Coatings  to 
protect  low  alley  steels  in  the  130  to  150  K^I  yield  range  show  promise. 

An  eighty  mil  cured- in-place  neoprene  resisted  both  90  knot  impingement  and 
the  cavitation  environment,  but  a  need  is  indicated  for  additional  studies 
of  the  primer  and  surface  preparations  to  prevent  undercutting  corrosion 
occurring  at  exposed  edges.  The  titanium  alloy  Ti  6A1-UV  appears  very 
promising  except  for  failure  to  meet  the  high  toughness  requirements  and 
excessive  metal  loss  at  high  cavitation  intensities.  Ti  7Al-?Cb-lTa,  which 
was  selected  for  final  evaluations  and  design  data  development  i6  also  s 
premising  titanium  alloy  with  excellent  properties  except  for  susceptibility 
to  high  intensity  cavitation  and  a  recently  discovered  susceptibility  to 
stress  corrosion  cracking  which  will  necessitate  alley  changes.  Mil-S-l62l6 
low  alloy  steel  heat  treated  to  the  13^-150  KSI  yield  range  and  provided  with 
a  protective  coating  appears  to  satisfy  all  the  requirements  for  an  intermedit.t 
strength-weight  ratio  material  for  the  ninety  knot  foil.  Further  development 
of  the  necessary  coating  for  use  with  this  6teel  16  required. 
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1.0  INTRODUCTION 


The  Hydrofoil  Materials  Research  Program  was  initiated  by  the 
Bureau  of  Ships  in  order  to  compare  the  basic  physical  and  mechanical 
properties  of  the  structural  materials  that  can  feasibly  be  considered  for 
hydrofoil  construction,  to  select  several  of  the  most  suitable  and  economical 
materials,  and,  subsequently,  to  develop  the  design  and  fabrication  data 
necessary  for  efficient  construction  of  high  speed  hydrofoil  structures. 

Phase  I  of  this  program  accomplished  the  preliminary  accumulation 
of  available  published  and  unpublished  pertinent  data  for  approximately 
sixty  candidate  materials.  These  data  were  correlated  and  analysed  to  compare 
the  suitabilities  of  the  materials  and  to  select  a  limited  number  of  materials 
to  be  subjected  to  a  comprehensive  screening  test  program  in  Riase  II.  The 
results  of  the  Phase  I  effort  have  been  published  in  reference  1. 

The  primary  objective  of  the  Phase  II  effort  was  to  select  two 
structural  materials  which  appeared  most  suitable  for  hydrofoil  construction 
from  the  corrosion  and  erosion  resistance  standpoint  and  in  terms  of  the 
structural  efficiency  and  production  cost. 

The  Phase  II  effort  consisted  of  the  screening  tests  described  in 
reference  1  to  determine  corrosion  and  erosion  resistance  and  mechanical  and 
fabrication  properties  of  17  materials  and  coating  and  cladding  combinations 
which  were  selected  as  a  result  of  the  Phase  I  effort.  In  addition,  studies 
were  made  of  typical  hydrofoil  designs  to  provide  a  basis  for  fabricability 
evaluations  using  the  fabrication  experience  gained  in  the  manufacture  of 
the  test  specimens  and  in  continued  monitoring  of  available  data  sources. 

The  objective  of  this  v  ~k  was  to  select  the  two  most  suitable  materials  for 
hydrofoil  construction.  The  results  obtained  during  the  Phase  II  effort  have 
been  published  in  references  2  and  3  and  the  conclusions  are  summarised  in 
Section  2.0. 

Phase  II  also  included  the  preparation  of  the  test  and  analysis 
program  for  the  Phase  III  vor/.  as  outlined  in  references  2  and  3  and  subse¬ 
quently  modified  as  rhovn  in  this  report.  In  addition,  complete  results  of 
static  corrosion  tests  which  are  more  meaningful  after  this  time  period  are 
published  herein.  Also,  some  Phase  I  and  Phase  II  data  are  published  herein 
to  give  a  more  complete  picture  for  the  low  alloy  steel  and  titanium  allays. 

The  Phase  III  effort  has  developed  design  and  fabrication  data  for 
efficient  construction  of  high  speed  hydrofoil  structures  using  Ti  7Al-2Cb-lTa 
and  coated  HY  130.  The  data  presented  Include  direct  design  information;  i.e., 
longitudinal  and  transverse  tensile  and  yield  strengths  and  elongations  for 
welded  and  unwelded  mater led ,  corrosion- fatigue  S-N  curves  for  welded, 
unidirectional  tension  stresses  and  calculated  allowable  c repression  and 
shear  buckling  stresses.  Other  data  Include  Charpy  V  notch  and  drop  weight 
tear  test  toughness  values,  sea  water  static  corrosion  and  impingement 
erosion-corrosion  characteristics  and  cavitation-erosion- corrosion  suscep¬ 
tibilities.  Impingement  erosion-corrosion  testing  was  conducted  in  both 
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the  water  wheel  facility  at  LTV  and  the  Jet  *»roeion  facility  at  the 
International  Nickel  Company  using  natural  sea  water.  Cavitation  testing 
was  done  in  the  water  wheel  facility  and  in  the  rotating  disc  facility  at 
the  Naval  Applied  Science  laboratory. 

Fabricability  is  presented  in  the  form  of  fabrication  indices  for 
welding,  machining,  forming  and  processing.  The  fabricability  data  place 
major  emphasis  on  the  problems  associated  with  actual  construction  of  hydro¬ 
foils.  In  addition  to  the  tests  run  specifically  to  develop  fabrication 
indices,  additional  design  data  were  obtained  from  fabrication  of  the  test 
specimens. 
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2.0  DISCUSSION  OF  LITERATURE  SURVIT  AMD  PRASE  I  AJTD  PHASE  II  DATA 

2.1  PHASE  I 


Phase  I  of  this  program  accomplished  the  preliminary  accumulation 
of  available  published  and  unpublished  data  for  approximately  sixty  candidate 
materials*  These  data  were  correlated  and  analysed  to  compare  tho  suitabili¬ 
ties  of  the  materials  and  to  select  a  limited  number  of  materials  to  be 
subjected  to  a  comprehensive  screening  test  program  in  Phase  II .  The  results 
of  the  Phase  I  effort  have  been  published  in  the  Phase  I  report,  reference  1. 


2.2  PHASE  II 


The  Phase  II  effort  consisted  of  the  screening  teste  described 
in  references  2  and  3  to  determine  corrosion  and  erosion  resistance  and 
mechanical  and  fabrication  properties  of  seventeen  materials  and  coating 
and  cladding  combinations  which  were  selected  aw  a  result  of  the  Phase  I 
effort.  In  addition,  studies  were  made  of  typical  hydrofoil  designs  to  pro¬ 
vide  a  basis  for  fabricability  evaluations  using  the  fabrication  experience 
gained  in  manufacture  of  the  test  specimens  and  in  continued  monitoring  of 
available  data  sources.  The  objective  of  this  work  was  to  select  the  two 
most  suitable  materials  for  hydrofoil  construction ,  The  conclusions  drawn 
after  the  Phase  II  effort  are  summarised  belot?. 


2.2.1  INCONEL  718 

This  high  nickel  alloy  was  heat  treated  to  170  ksl  tensile  yield 
strength  with  20  percent  elongation  in  two  inches  It  is  excellent  in 
resistance  to  cavitation,  erosion  and  general  corrosion  metal  losses,  but  is 
subject  to  slight  crevice  corrosion.  It  exhibits  good  corrosion  fatigue 
properties,  has  a  ductile  failure  at  zero  degrees  fahrenheit,  and  is  not 
subject  to  stress  corrosion  cracking.  Restrained  plate  can  be  welded  with 
Rene'  kl  filler  wire  and  aging  accomplished  after  welding  without  serious 
warpage  problems.  This  was  considered  a  promising  material  for  hydrofoils 
but  was  dropped  from  the  pro-.ian  because  of  high  costs  for  materials  and 
manufacturing  methods  in  comparison  with  materials  in  the  same  performance 
class . 


2.2.2  K  MOREL 

This  nickel  alloy,  heat  treated  to  a  95,000  tensile  yield 
strength  and  an  elongation  of  IT  percent  In  two  Inches,  is  marginal  In 
strength  properties.  Corrosion  ietigue  values  are  satisfactory,  and  it  is 
not  subject  to  stress  corrosion  cracking  in  a  marine  environment  when  stressed 
to  90  percent  of  yield.  K  Monel  is,  however,  subject  to  moderate  crevice 
corrosion,  exhibits  relatively  high  erosion  and  cavitation  metal  lois  rates. 
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and  presents  a  fabrication  problem  due  to  its  required  11*00°?  stress  relief 
after  welding.  Due  to  these  latter  characteristics,  K  Monel  was  not  recom¬ 
mended  for  fuither  effort  in  this  program. 

2.2.3  17-**PH(E102s) 

17-4PH  stainless  steel  in  the  H10?5  condition  resulted  in  a 
tensile  yield  value  of  167,000  psi  and  an  elongation  of  l4  percent  in  two 
inches.  The  metal  loss  rates  from  corrosion,  cavitaticn  and  erosion  in  the 
conditions  tested  were  generally  greater  than  for  the  other  unprotected 
materials  in  Phase  II.  Pitting  and  crevice  corrosion  progressed  at  an  un¬ 
satisfactorily  high  rate  in  the  static  corrosion  tests,  and  unprotected 
material  is  considered  taarginal  for  use  even  in  retractable  foils  where 
crevices  would  be  intermittently  wet  and  dry  during  long  intervals  of  time. 
Phase  I  literature  survey  indicated,  reference  6,  that  fatigue  values  in  a 
sea  water  environment  are  decreased  to  a  relatively  low  value  when  compared 
to  the  titanium  alloys  and  Inconel  716.  These  test  results  indicate  that 
without  a  protective  coating  17-** PH  is  unsatisfactory  for  continuously 
subiiierged  or  retractable  hydrofoil  use;  however,  reference  8  indicates  that 
this  corrosion  can  be  eliminated  by  proper  control  of  the  Columbian  -  carbon 
ratio. 


The  work  of  LaQue  and  Ellis,  reference  7,  points  out  that  the 
severity  of  attack  in  a  crevice  of  a  corrosion  resistant  steel  is  related 
to  the  area  of  adjacent  unprotected  surface .  This  area  effect  in  crevice 
corrosion  Indicates  that  a  firmly  adherent  coating  system  with  few  pores 
would  substantially  decrease  crevice  corrosion  in  this  alley  even  after 
coating  damage.  Aging  at  1025°F  is  preferable  to  1075°?  according  to  Armco 
impact  test  data,  reference  9*  Izod  impact  testing  of  welded  specimens 
with  a  1000 °P  age  resulted  in  ductile  failures  without  the  necessity  for 
an  intermediate  solution  anneal.  This  material  with  an  1100°?  age  and  no 
solution  anneal  after  welding  gave  markedly  lower  impact  values. 

Because  of  the  superior  fabrication  properties  and  because  of 
the  higher  strength  obtained  without  susceptibility  to  stress  corrosion, 
17-**PH(H1025)  would  have  been  considered  for  Phase  III  work  with  a  neoprene 
coating;  however,  the  requirement  for  an  aging  treatment  after  welding  to 
obtain  necessary  toughness  was  considered  uneconomical  for  large,  built  up 
foil  structures. 


2.2.U  TITANIUM  6A1-**V 

This  alpha  beta  alloy  heat  treated  to  l4l,000  tensile  yield 
and  11  percent  elongation  in  two  inches  has  given  an  excellent  performance 
ir.  the  screening  tests  of  Phase  II.  Its  excellent  corrosion  properties 
result  in  essentially  no  reduction  in  fatigue  values  in  sea  water,  no  stress 
corrosion  cracking,  essentially  no  effect  in  static  corrosion,  and  no 
accelerating  effect  in  the  cavitation  and  sea  water  erosion  tests.  Some 
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fabrication  problems  complicate  the  picture  for  a  heat  treated  material 
vhlch  may  make  the  desirability  of  heat  treatment  questionable.  The 
material  shows  ductile  fractures  in  impact  testing  in  temperatures  as 
lov  as  -4o°F;  however,  Charpy  V  notch  energy  values  were  marginal.  Due 
to  the  ready  availability  of  this  alloy  in  contrast  to  numerous  other  titanium 
alloys,  it  was  considered  a  prime  candidate  hydrofoil  material. 

Recent  rotating  disc  cavitation  tests  on  the  Ti  6A!-4v  and 
Ti  8Al-2Cb-lTa  titanium  alloys  at  the  Material  Laboratory,  New  York  Naval 
Shipyards,  have  shown  a  relatively  large  material  loss  under  cavitation 
conditions  which  are  believed  to  be  extremely  severe.  These  tests  indicate 
that  cavitation  resistance  is  excellent  at  100  and  125  fps,  but  that  a  much 
lower  resistance  was  noted  at  150  fps.  This  material  was  considered  fcr 
Phase  III  evaluation  until  Ti  7Al-2Cb-lTa  alley  became  available. 


2.2.5  TITANIUM  SAl-2Cb-lTa 

The  Ti  8Al-2Cb-lTa  alley,  except  for  a  lower  tensile  strength  than 
the  heat  treated  Ti  6A1-4V,  was  believed  to  combine  all  the  advantages  of  the 
Ti  Sa1~4v  vith  a  lower  nil  ductility  transition  temperature  and  greater 
toughness  at  32°F*  Weld  cracking  of  restrained  welds  caused  this  material 
to  be  changed  to  the  Ti  7Al-2Cb-lTa  evaluated  in  Phase  III, 


2.2.6  BERYLLIUM  COPPER 

Beryllium  Copper  (Berylco-25)  showed  satisfactory  corrosion 
resistance  and  did  not  support  fouling  growth.  Weight  loss  in  cavitation 
was  satisfactory,  but  erosion  losses  were  high.  Brittle  failures  occurred 
at  0°F  in  Charpy  V  notch  impact  tests  and  corrosion-fatigue  properties  were 
low.  Because  of  the  latter  characteristics,  beryllium  copper  did  not 
receive  further  effort  in  Phase  III. 


2.2.7  JfiTAL  CLAD  PLATE 

A  corrosion  and  fatigue  resistant  cladding  over  a  high  strength 
base  metal  appeared  to  be  an  attractive  material  combination  in  the  Phase  I 
evaluation.  In  this  program  Hastelloy  C  and  commercially  pure  titanium 
(A- 70)  were  chosen  as  cladding  materials  for  their  corrosion  and  fatigue 
properties.  AIoI-4330M  and  HY  100  were  chosen  as  materials  with  the  necessary 
strength  and  toughness  for  base  metals.  The  four  materials  were  processed 
to  simulate  the  respective  cladding- rolling  operations  and  the  subsequent 
hardening  and  tempering  necessary  for  base  metal  strength  development.  Sine 
act  vial  clad  material  combinations  were  not  available  to  this  program,  each 
material  was  processed  separately. 
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2. 2. 7.1  Titanium  Cladding  (A-70) 

The  commerciaJly  pure  titanium  vas  found  to  be  severely 
embrittled  due  to  gettering  action  during  the  simulated  cladding  process. 
Lukens  Steel  reported  that  this  material  would  be  a  very  difficult  one  to 
use  as  a  cladding  for  this  reason,  and  it  vas  therefore  dropped  from  the 
program. 


2. 2. 7. 2  Haste 11 oy  C  Claading 

The  Hastelloy  C  performed  veil  in  90  knot  erosion  cavitation 
tests  vhen  processed  for  cladding  on  both  HY  ICO  and  AISI  4330M.  The  static 
corrosion  and  corrosion  fatigue  results  vere  excellent.  Charpy  V  notch 
impact  tests  at  0°F  resulted  in  brittle  failure  which  is  a  detrimental 
factor  because  of  the  possibility  of  a  crack  at  the  surface  setting  up  a 
stress  concentration  in  the  base  metal  as  veil  as  causing  a  galvanic  corro¬ 
sive  action  at  the  break  between  the  cladding  and  the  base  metal.  For  this 
reason,  this  material  vas  not  recommended  for  Phase  III  testing. 


2.2.8  ELASTOMERIC  COATINGS  ON  LOW  ALLOY  STEEL 

Elastomeric  Coatings  on  low  alloy  steel  appeared  to  be  a  method 
to  combine  the  strength  and  durability  of  a  base  material  with  the  protection 
a  coating  may  offer  from  erosion,  cavitation  and  corrosion.  Following  are 
some  of  the  advantages  of  an  eia&tomeric  coating  system  as  compared  to  a 
metal  cladding: 

o  The  mechanical  or  physical  properties  of  the  base  material 
are  not  affected  by  the  coating  application. 

o  A  break  in  the  coating  does  not  set  up  a  galvanic  couple  or 
a  stress  concentration. 

o  The  coating  can  be  applied  as  a  calendered  sheet  during 
fabrication  and  can  be  repaired  readily  in  service. 


2.2.8. 1  AISI  433PM 


AISI  4330M  heat  treated  to  the  loO  KSI  yield  strength  range  shoved 
satisfactory  elongation  and  Charpy  V  notch  toughness  at  0°F.  It  shoved  high 
corrosion,  erosion  and  cavitation  losses  and  a  low  corrosion  fatigue  life. 
Hcvever,  test  data  obtained  during  Phase  II  Indicated  that  elastomeric 
coating  mey  correct  these  deficiencies.  It  is  hordenable  through  a  one- inch 
plate  thickness  and  does  not  require  extensive  preheats  and  post  heats  to 
prevent  veld  cracking.  Heat  treatment  after  welding  to  develop  strength  of 
this  material  may  present  serious  distortion  problems  during  fabricability. 
Toughness  in  the  as-velded  condition  is  not  as  high  as  HY  100  beat  treated 
to  130-150  KSI  yield  range  so  that  this  material  vas  not  tested  in  Phase  III. 
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KY  ICO,  although  it  has  a  marginal  strength- to- weight  ratio, 
has  excellent  elongation  and  toughness.  Uncoated  HY  100,  like  AISI  ^330M, 
has  a  low  resistance  to  cavitation,  erosion,  and  corrosion,  and  has  a  low 
fatigue  life. 

Because  of  low  material  costs  s.nd  the  possibility  of  improving 
ell  tne  deficient  properties  with  a  reliable  coating,  HY  100  heat-treated 
to  the  130-150  KSI  yield  strength  range  was  recommended  for  retention  as 
base  material  in  Phase  III  studies. 


2.2.9  EPOXY  RESIN- GLASS  LAMINATES 

Epoxy  resin-glass  laminates  were  included  as  a  base  material 
in  the  Phase  II  materials  studies  because  of  their  Inherent  resistance  to 
the  corrosive  effects  of  sea  water  and  the  excellent  strength  to  weight 
ratio  (530  psi  per  pound  per  cubic  foot  for  isotropic  Scotchply  Type  1009 
at  T0°F). 


In  considering  the  various  resin-glass  laminates,  a  neoprene 
coated  epoxy  system  was  chosen  because  of  excellent  strength  characteristics 
and  rain  erosion  resistance  that  has  been  demonstrated  in  aircraft  service. 
Scotchply  10r,o  pre impregnated  (Minnesota  Mining  and  Manufacturing)  was  chosen 
because  of  its  suitability  for  use  with  the  mercury  bag  molding  process  of 
Hudson  Engineering  Company.  This  process,  in  its  present  state  of  develop¬ 
ment,  is  limited  to  a  ??yF  curing  temperature.  Thus,  Scotchply  1000  with 
its  background  of  usage  in  thick  springs  for  vehicles,  curing  temperatures 
in  the  225°F  range,  and  with  the  capability  for  use  In  section  thicknesses 
up  to  the  six  Inch  appeared  to  be  well  suite!  to  hydrofoils  usage. 

An  acceptable  Charpy  V  note  fracture  energy  was  shown,  and  only 
a  slight  roughening  resulted  from  the  jet  erosion  test  in  the  uncoated  state. 
In  the  unidirectional  fatigue  test  a  substantial  loss  in  modulus  of  elasticity 
was  experienced.  The  resulting  excessive  bending  deflection  exceeded  the 
deflection  limits  of  the  test  equipment  and  precluded  completion  of  the  te6t. 
Subsequent  investigation  revealed  that  the  225 °F  curing  temperature,  as 
presently  limited  by  the  Hudson  Engineering  Process,  does  not  produce  a 
fully- cured  resin  matrix.  An  additional  16  hour,  300 °F  cure  increased  the 
Barcol  hardness  at  l6o  F  from  59  to  66  and  resulted  in  significantly  improved 
fatigue  properties. 

A  neoprene -coated  specimen,  loaded  to  60,000  psi  bending  stress, 
failed  after  23  day 6  in  sea  water.  Figure  3-18  of  reference  10  shows 
reasonable  correlation  with  these  data. 

Because  of  the  developmental  nature  of  this  material  and 
fabrication  process  and  because  of  initial  test  failures  obtained,  epoxy 
resin  glass  laminate  was  dropped  from  the  Phase  III  program;  however, 
further  investigation  of  the  material  is  indicated. 


— 
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2.2.10  CASTINGS 

AM- 35 5  and  CD  b  MCU  casting  materials  were  considered  for  nacelle 
structure  and  other  irregular  shapes  on  the  hydrofoil.  The  Jet  erosion  and 
cavitation  resistance  of  CD  U  MCU  was  excellent,  although  some  crevice 
corrosion  did  occur.  As  welded  AM  355  stress  corrosion  specimens  failed 
within  65  days,  and  the  Charpy  V  notch  impact  failures  of  both  materials  were 
brittle  at  OT  which  eliminated  the  materials  for  further  consideration. 
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3.0  REVIEW  OF  MATERIAL  SEIECTION 


The  basic  objective  of  the  Hydrofoil  Materials  Research  Program 
vas  to  select  the  most  suitable  materials  for  the  fabrication  of  hydrofoil 
structural  components.  The  original  list  of  sixty  materials  for  the  program 
vas  compiled  from  available  information  indicating  desirable  properties  in 
one  or  more  characteristics  being  considered.  A  subsequent  literature  survey, 
an  extensive  screening  test  program,  continual  monitoring  of  government  and 
private  sources  of  1 nf oraation,  and  comparative  cost  anc^yses  provided  the 
data  for  the  final  selection  of  Ti  7Al-2Cb-lTa  and  coated  HY  130  as  the  two 
most  suitable  materials  for  hydrofoil  structures. 

Most  of  the  materials  that  were  rejected  in  the  screening  tests 
were  considered  unacceptable  from  a  safety  standpoint  such  as  Impact  brittle¬ 
ness  and  stress  corrosion  cracking  which  could  cause  catastrophic  failure 
of  critical  foil  structure.  Toward  the  end  of  the  Phase  II  work,  it  became 
evident  that  a  number  of  materials  would  meet  the  physical  requirements  of 
hydrofoil  use  and  that  final  selection  of  two  materials  would  require  a  cost 
comparison.  It  vas  also  considered  logical  that  one  selected  material  should 
be  inherently  resistant  to  the  sea  water  environment  and  that  one  should 
require  a  protective  coating.  The  final  comparison  of  several  materials  in 
each  category  vas  based  on  estimated  costs  of  materials,  tooling,  and 
fabrication  that  would  be  required  for  a  typical  foil  structure .  This 
comparison  is  reported  in  reference  3* 

At  the  time  this  comparison  was  made,  the  development  of  Ti  7A1- 
2CTb-lTa  alloy  vas  not  completed  and  Ti  6a1-';Y  was  recommended  as  one  selected 
material.  The  substitution  of  Ti  7Al-2Cb-lTa  for  Ti  6A1-4V  vas  made  early 
in  Ffcase  III  upon  Its  availability. 


3.1  MECHANICAL  PROPERTIES  AND  STKKMOTH-VglCaT  RATIOS 

There  are  many  materials  -  alloys  of  steel,  titanium,  nickel  and 
c  pper  -  which  can  provide  greatly  improved  tensile  and  compressive  properties 
ever  materials  presently  used  in  shipbuilding,  and  even  In  present  prototype 
hydi of oil  structures.  If  these  were  the  only  requirements,  extensive  weight 
savings  could  be  realized  in  their  use.  In  all  cases  other  Influences,  mainly 
environmental,  either  prohibited  the  use  of  these  materials  or  required 
compromises  to  such  an  extent  that  the  advantages  were  nullified.  Stainless 
steels,  such  as  17- could  provide  considerable  weight  advantages  over 
HI  130  except  that  in  order  to  get  adequate  toughness  in  welded  structures, 
a  1500°F  post  veld  treatment  is  necessary.  This  makes  17-^  tooling  signifi¬ 
cantly  more  expensive  than  t*:a».  required  for  HI  130  steel.  Inconel  TlB,  which 
shows  excellent  resistance  to  corrosion,  showed  a  fabrication  cost  comparable 
to  thrt  of  titanium  with  a  significant  weight  disadvantage.  TI  6A1-4V  shewed 
a  weight  and,  therefore,  a  cost  advantage  over  Ti  7Al-2Cb-lT&;  hovavei,  the 
toughness  of  this  material  is  below  the  minimum  requirements  established  by 
the  Navy  for  hydrofoil  structures. 
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3-2  T0CTHHE8S  CRITERIA  FOR  FINAL  MATERIAL  SKECTION 

Toughness  requirements  for  hydrofoil  materials  have  been 
patterned  largely  after  those  for  submarines.  In  reference  25,  Sorkin 
and  Vlllner  showed  that  a  Charpy  V- notch  energy  of  less  than  21  foot  pounds 
at  Of  would  result  In  brittle  fractu.es  in  high  strength  titanium  plate 
(110  KBI  minimum  yield  strength).  Later  Investigations,  references  11,  13, 
and  lk  at  NRL  have  correlated  brittle  fractures  In  service  with  test  data 
for  several  types  of  tests,  namely,  explosion  bulge,  explosion  tear,  drop 
weight  tear  and  Charpy  V-notch.  Analyses  of  these  data  Indicate  that 
drop  weight  tear  test  energy  values  of  3,000  and  2,000  foot  pounds  for  steel 
and  tltanlw  respectively  are  required  to  provide  adequate  toughness  for 
deep  submersible  vehicles.  Although  the  toughness  requirements  for  hydro¬ 
foil  structures  to  resist  the  Impact  of  floating  obstructions  Is  different 
and  possibly  less  severe  than  the  underwater  explosions  that  submarines  are 
exposed  to,  these  criteria  have  been  used  In  determining  the  final  material 
selection  for  this  program. 

Many  of  the  candidate  hydrofoil  materials  were  eliminated  from 
the  program  because  of  deficient  toughness.  In  most  materials  the  Impact 
toughness  is  an  inverse  function  of  the  yield  and  tensile  strengths  and, 
consequently,  where  strength  levels  can  be  controlled  by  heat  treatment, 
there  is  a  corresponding  toughness  control.  The  strength- toughness  relation¬ 
ship  differs  substantially  for  different  materials  and  even  for  different 
alloy  compositions  of  similar  materials.  Ti  7Al-2Cb-lTa  and  Ti  8Al-2Cb-lTa 
are  the  only  titanium  alloys  investigated  In  the  hydrofoil  materials  program 
which  met  the  minimum  toughness  requirement.  TI  6Al-kv  (ELI )  with  a  special 
anneal  at  the  beta  transus  temperature  and  TI  5A1-2.5  Sn  showed  significant 
toughness  improvement  over  higher  strength  tltanlim  alloys  but  fell  short  of 
the  conservative  requirements  set  understandably  high  for  new  materials  In 
a  new  design.  In  all  cases,  the  weld  toughness  of  titanium  alloys  was  at 
least  as  high  as  that  of  the  parent  material. 

HY  130  was  the  only  steel  tested  in  the  program  which  provided 
adequate  toughness.  Here,  also,  the  veld  toughness  essentially  equalled 
that  of  the  parent  material. 


3.3  CORROSION,  IMPINOPglfr.  CAVITATION  RESISTANCE 

Corrosion  resistance  was  extensively  evaluated  during  the  Phase 
II  materials  selection  effort  because  it  plays  such  a  large  role  In  a  number 
of  associated  properties.  The  rate  of  met&l  loss  in  cavitation  and  high 
angle  tea  water  impingement  was  seen  to  be  related  to  the  corrosion  resistance. 
Allays  which  had  fairly  high  static  corrosion  rates  became  unacceptable  from 
a  corrosion  standpoint  when  either  ninety  knot  sea  water  impingement  or 
cavitation  eroeloo  were  added  as  a  second  factor.  HY  130  was  the  only  mate¬ 
rial  which  possessed  the  required  values  of  characteristics  other  than 
corrosion  resistance  and  could  be  fabricated  at  low  coat.  Thus,  only  HY  130 
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with  a  yield  strength  range  of  1 30-150  XSI  was  considered  worth  the 
additional  costs  of  applying  and  Maintaining  a  coating  system  to  protect 
it  from  the  combined  Influence  of  these  three  factors. 

Stress  corrosion  cracking  was  considered  to  be  an  unacceptable 
phenomena.  The  risk  was  considered  too  high  to  seek  a  coating  protection  for 
an  alloy  and  Its  associated  heat  treatment  which  cracked  In  a  corrosive 
environment.  Thus,  strength  levels  for  EX  130  could  not  have  been  raised 
much  because  of  the  limiting  factors  of  weld  toughness  and  strength  for  this 
alley  In  the  150  MSI  range.  Titanium  alloys  In  Phase  II,  as  had  been 
Indicated  for  other  titanium  alloys  In  the  literature,  were  Immune  to  all 
types  of  corrosive  attack  except  severe  cavitation.  Impingement  resistance 
In  sea  water  once  again  confirmed  this  advantage  by  showing  negligible  loss 
In  thirty  days  at  ninety  knots.  Losses  of  metal  due  to  cavitation  showed  a 
definite  threshold  condition  somewhere  between  125  and  150  faet  per  second 
with  the  cavitation  generator  of  the  Raval  Applied  Science  Laboratory  rotating 
disc.  In  this  region,  severe  losses  of  metal  began.  This  Indicates  that 
designers  will  definitely  have  to  take  cavitation  into  consideration  aa 
higher  performance  foils  are  developed.  However,  this  seems  to  be  a  minor 
disadvantage  in  relation  to  the  other  excellent  properties. 

From  the  foregoing  considerations,  HI  100  beat  treated  to  130  XSI 
yield  strength  and  T1  7Al-2Cb-lTa  with  a  chemistry  to  de  slop  100  XSI  yield 
strength  were  selected  for  Fhase  III  evaluation. 


3.4  KBcarrLr  n.» sloped  materials 

It  should  also  be  mentioned  that  the  5Ri-Cr-J4o-V  steel  heat 
treated  In  the  130  to  150  MSI  range  has  been  under  Investigation  by  U.  S. 

Steel  and  significant  data  have  been  published  in  reference  24.  This 
material  has  shown  excellent  toughness  properties  in  welds  and  beat  affected 
tones  es  well  as  the  base  (wrought)  material.  Evaluations  by  U.  8.  Steel 
of  a  masber  of  80  ton  electric  furnace  heats  rolled  to  two-inch  plates  and 
heat  treated  In  the  135  to  145  XSI  yield  strength  range  show  Charpy  V  notch 
toughness  from  60  to  90  foot  pounds  at  0°F.  Welding  filler  metals  and  welding 
techniques  are  being  developed  In  the  U.  S.  Steel  progrem  for  both  ICO  and 
covered  electrode.  Preliminary  data  indicate  that  essentially  lOOf 
efficient  MXO  welding  can  be  attained  with  only  a  alight  toughness  reduction. 

Ibis  material  has  shown  relatively  good  stress  corrosion  resistance 
In  URL  short  term  tests;  however,  since  data  are  not  available  to  correlate 
the  short  ten  results  to  those  of  the  conventional  long  term  bent  bemm  and 
circle  patch  weld  tests,  same  checking  In  this  area  is  recrinikil.  Complete 
freedom  from  stress  corrosion  cracking  would  merit  this  alley  serious  con¬ 
sideration  for  use  in  any  future  high  performance  foil  structure. 
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4.0  DESIGN  DATA  AND  DISCUSSION 


The  final  objective  of  the  Hydrofoil  Materials 
Research  Program  is  to  acquire  and  correlate  the  avail¬ 
able  pertinent  data  on  the  two  final  materials.  The 
following  sections  contain  the  tables  and  charts  presenting 
these  data  in  the  forms  that  are  considered  most  useable 
for  the  design  of  hydrofoil  structures.  The  test  results 
developed  in  this  program  and,  in  some  cases,  supplemented 
from  published  sources  are  included  for  substantiation  of 
the  recommended  design  information.  Where  specific  design 
relationships  cannot  be  presented,  such  as  Impact  toughness, 
the  test  values  are  shown  with  discussions  of  recommended 
approaches  to  the  use  of  the  test  data. 


4.1  TENSION  AND  COMPRESSION  MECHANICAL  PROPERTIES 

The  objective  of  this  portion  of  the  program  was 
to  determine  the  basic  mechanical  properties  of  the  candidat 
matei ials  in  both  the  "as  received"  condition  and  fusion 
welded.  Tests  were  conducted  on  specimens  removed  from 
plates  of  both  l/*+  and  1  inch  thicknesses  in  accordance 
with  the  sketch  of  figure  4.01. 

All  tests  were  conducted  in  a  Riehle  test  machine 
of  loO ,000  pound  capacity.  Autographic  load  strain  traces 
were  obtained  with  a  Baldwin  P5-M  microformer  extensometer 
and  the  load  indicating  mechanism  of  the  test  machine. 
Loading  was  accomplished  at  a  rate  of  0.005  in/in/min  to  a 
point  beyond  yield  load  and  at  a  head  travei  rate  of  0.20 
in/m. a  from  that  point  to  failure.  Strain  tests  were  con- 
troll  d  through  the  use  of  a  strain  pacer  built  into  the 
test  machine. 

The  results  of  all  tests  c onduc ted  during  this 
investigation  are  presented  in  taoles  4-1  and  4-2.  Except 
as  noted,  all  welded  specimens  were  cut  from  blanks  which 
were  MIG  welded  as  described  in  section  5*3*  For  purposes 
of  comparison  the  following  table  prese  ts  the  minimum 
acceptable  values  for  the  materials  as  processed  by  the 
material  supplier. 
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Material 

Ftu 

III 

ycv 

ii 

R.  A 

Ti-7Al-2Cb-lTa 

115,000 

100,000 

110,000 

10 

20 

HY-130 

* 

130,000 

• 

10 

* 

♦No  minimum  value  specified. 

Comparison  of  these  values  with  the  results  shown  in  tables 
4-1  and  4-2  will  show  that  the  average  values  on  control 
tests  of  unwelded  1  inch  material  met  or  exceeded  these 
requirements,  although  there  vere  isolated  cases  of  single 
tests  which  fell  somewhat  below  these  values. 

As  indicated  by  the  test  results  presented  in 
table  4-1,  weld  efficiencies  of  100  percent  can  be  attained 
in  a  welded  titanium  structure. 

As  discussed  in  section  4.4  of  this  report,  all 
^-130  steel  was  procured  in  the  yield  strength  range  of 
l4o  to  145  ksi  in  order  that  toughness  might  be  evaluated 
for  the  potentially  critical  material  strength  level.  The 
strength  level  of  this  "as  received"  material  is  shown  in 
table  4-2  for  unwelded  1  inch  plate  material.  Initial 
welding  trials  as  discussed  in  section  5*3  of  this  Report 
indicated  that  weld  efficiencies  in  this  high-strength  level 
material  would  range  from  95  to  100$  as  shown  by  the  supple¬ 
mentary  data  presented  in  tabic  4-2. 

In  order  that  veld  strength  might  be  established 
for  material  which  was  representative  of  minimum  acceptable 
properties  (F^y-  *30  *si),  all  mater'al  for  welded  specimens, 
both  1  inch  ana  1/4  inch  plate,  was  redrawn  in  accordance 
with  the  curve  of  figure  4.02.  Strength  values  for  this 
redrawn  material  are  shown  in  table  4-2  for  unwelded  1/4 
inch  plate  material.  As  can  be  seen  from  these  data,  the 
actual  strength  values  attained  were  slightly  below  the 
desired  value  of  I30  *-si.  This  is  attributed  to  the  ex¬ 
treme  sensitivity  of  the  material  to  both  tempering  time 
and  temperature  in  the  130  xsi  yield  strength  rang?.  Since 
the  material  could  not  be  redrawn  to  a  nigher  strength  level, 
it  was  welded  as  described  in  section  5*3  and  cut  into  ten¬ 
sile  specimens  in  accordance  with  the  drawing  of  figure  4.01 
and  tested.  Inspection  of  table  4-2  will  show  that  weld 
efficiencies  of  9b  to  100$  were  obtained  in  this  materiel 
and,  further  that  thickness  of  the  material  being  Joined 
did  not  influence  the  resulting  weld  efficiency.  Although 
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the  results  show  strength  levels  which  were  below  the 
target  minimum  value,  since  the  majority  of  these  specimens 
failed  in  the  parent  metal  at  an  average  strength  of  125  k*i 
and  lndentlcal  welds  in  the  unredraw r  material  showed  yield 
strength  values  on  the  order  of  140  ksi,  it  may  be  seen  that 
veld  efficiencies  on  the  order  of  100  percent  are  attainable 
in  this  material. 

It  may  be  concluded  from  the  work  reported  herein 
that  the  target  minimum  strength  values  mentioned  earlier 
may  he  obtained  in  a  fusion  welded  hydrofoil  structure 
vithout  subsequent  heat  treatment. 


4.2  COLUMN  AND  BUCKLING  MECHANICAL  PROPERTIES 


The  two  major  factors  to  be  considered  in  optimum 
design  of  structures  are  (l)  the  material  being  uoed,  and 
(2)  the  configuration  of  the  structure.  In  the  case  of 
tension  loaded  members,  the  solution  to  the  problem  of 
optimum  design  is  simple  and  straightforward,  since  the 
properties  of  a  tension  member  are  not  influenced  signi¬ 
ficantly  by  the  6hape  of  its  cross-section.  For  members 
loaded  in  compression,  the  problem  requires  jnsideration 
of  the  size  and  shape  of  the  cross-section  in  determining 
the  load  carrying  capacity  of  the  memoer. 

In  the  design  of  a  hydrofoil  structure  which  has 
requirements  generally  similar  to  an  aircraft  wing,  there 
are  three  primary  types  of  instability  failure  which  must 
be  considered;  (l)  column  buc ..  liny ,  ( J )  shear  buckling  ar. d 

( 3  )  compression  buckling. 

This  section  of  t.'.c  report  deals  with  tne  establish 
ment  of  theoretical  design  .r.c-c  .'or  the  selected  actfr 1  ais 
which  make  it  possible  to  predict  accurately  the  maximum  Ic3d 
intensities  the  pertinent  sin.  t  rat.  elements  will  suppor*. 


Tne  design  curves  in  t 
approach  presented  ny  Melcon  u.4b 
In  practice  this  approach  uses 
curves  as  input  data  to  cstn.iir 
following  general  relations.,  .n: 


.us  report  tire  based  or.  the 
Coze  one  :n  Reference  1*'. 
cm  r  f-  s  s  i  ;  n  r  t  res  a  -  s  t  r  a  i  :■ 


••llowabies  based  cn  u.i 


i air 

Ks 


/ 


initial  shear  buckllr 


:  cap  . 


b  a  c  ft  1  i  n  g 
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Development  of  these  data  requires  compression 
stress-strain  relationships  which  were  not  obtained  during 
this  program.  In  an  effort  to  obtain  the  needed  informa¬ 
tion  a  survey  of  the  literature  was  conducted  and  contacts 
were  made  with  the  material  suppliers.  These  efforts  were 
only  partially  successfuly  in  obtaining  these  data.  Data 
were  availaole  from  Reactive  Metals,  Inc.  on  the  compression 
s tre68-strain  eehevior  of  Ti-7Al-2Cb-lTa,  but  nothing  was 
found  for  the  HY-ljO  steel.  Unlike  mo6t  titanium  alloys, 
which  demonstrate  consistently  higher  yield  values  in  com¬ 
pression,  steels  generally  have  similar  stress-strain  curves 
for  both  tensile  and  compressive  loading.  It  was  therefore 
decided  that  the  use  of  tensile  stress-strain  data  would 
Produce  a  realistic  evaluation  cf  the  stability  characteris¬ 
tics  of  a  structure  fabricated  from  HY-lyO  steel. 

The  typical  tensile  stress- strain  curve  for 
Ti -7“l-2f b-lTa  presented  in  figure  h.Oy  was  taken  from 
data  furnished  by  Reactive  Metals  Inc.  Tests  were  con¬ 
ducted  on  a  Ti nius-Clsen  testing  machine  of  60,000  pound 
capacity  using  one-half  inch  diameter  by  two  inch  long 
specimens  in  accordance  witn  ASTM  standard  E9-62.  The 
specimens  were  loaded  at  a  strain  rate  of  0.003  plus  or 
minus  0.001  in/in/minute  up  to  the  proportional  limit 
and  at  pO  pounds/minute  from  the  proportional  limit  to 
yield.  For  the  typical  stress-strain  cur/e  for  steel 
specimens  the  procedures  were  as  outlined  in  section  4.1 
o:  this  report .  For  bctn  materia'"  *  2  typical  stress- 

strain  :  ur.es  were  reduced  to  run. cum  guaranteed  values 
through  one  use  oi  affine  t  ran  u"  rum..-,  as  described 
in  the  following  paragraphs. 

The  following  sketch,  will  ie  used  as  a  guide 
in  describing  the  process  oh  afidae  trans . ormation  used 
for  generation  of  minimum  guaranteed  stress-strain  curves 
required  for  this  effort.  For  any  typical  curve,  ^''..struct 
a  line  parallel  to  the  initial  modulus  line  through  the 
0.002  strain  point  to  establish  the  typical  value  for 
yield  stress.  Point  \  ’  is  looted  on  tnis  line  at  a  stress 
level  corresponding  to  he  minimum  guaranteed  yield  point 
(or  any  otner  value  which  may  be  required).  A  line  ar*vn 
through  the  origin  0  and  point  A*  will  intersect  the 
typical  curve  at  point  \  as  shewn.  For  otner  points  on 
the  typical  curve,  sue;:  as  points  3  and  C,  the  corres¬ 
ponding  points  or.  tr.e  minimum  curve  are  found  as  follows. 

Draw  radial  lines  CB  and  Of .  On  line  OB  lay  off 

OB  '  —  CB(CA ’ /OA )  and  on  line  If  lay  off  Cf *  OC (OA 1 /OA  )  . 

The  cur/e  drawn  through  points  B1  and  C1;  is  the  desired 

minimum  guaranteed  curve. 
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STRAlki 


Typical  stress-strain  curves  and  derived 
minimum  guaranteed  curves  for  the  Ti-7Al-2Cb-lTa -  and 
RY-130  steel  are  presented  in  figures  4.03  and  4.04. 
Curves  showing  the  column,  compression  and  shear 
buckling  allowables  for  these  materials  are  presented 
in  figures  4.05  and  4.06. 


4.3  FATIGUE  PROPERTIES 

4.3.1  CORROSION  FATIGUF 

Until  recently  static  strength  characteristics 
were  the  deciding  factor  in  the  design  of  wing  or  foil 
shaped  structures.  Except  for  specialized  cases  such  as 
engine  mounts,  rotating  machinery,  etc.,  the  static  margin 
of  safety  was  generally  sufficient  to  preclude  fatigue 
problems.  With  the  rise  in  use  of  highly  efficient 
structural  arrangements  operating  at  high  percentages  of 
static  strength  allowables  over  extended  periods  of  time, 
there  has  been  an  attendant  increase  in  problems  due  to 
fatigue  loading.  Hydrofoil  vehicles  will  be  particularly 
susceptible  to  fatigue  problems  because  (l)  economic  as¬ 
pects  dictate  extremely  long  service  life  requirements, 

(d.)  high  operating  stress  will  be  required  in  order  to 
minimize  the  amount  of  structural  weight  carried  by  the 
vehicle,  and  (j)  the  marine  environment  causes  a  signi¬ 
ficant  reduction  in  fatigue  life  in  most  materials. 
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For  the  most  part,  the  fatigue  properties  of 
structural  materials  are  established  through  the  use  of 
numerous  tests  conducted,  in  air  on  specimens  containing 
notches  or  other  discontinuities  which  are  considered 
representative  of  those  which  may  be  found  in  production 
vehicles.  Data  of  this  type  are  not  suitable  for  a 
hydrofoil  which  will  spend  a  significant  portion  of  its 
total  service  life  operating  in  a  corrosive  media  which 
may  effect  both  its  static  and  fatigue  properties.  Since 
little,  if  any,  fatigue  data  of  any  sort  are  available  on 
the  selected  materials,  the  corrosion  fatigue  program 
described  in  the  following  paragraphs  was  conducted  during 
this  program. 

Since  fusion  welding  is  the  most  likely  joining 

method  envtsi*  id  for  use  in  hydrofoil  structures,  all  tests 
were  conducted  on  welded  un-notchad  specimens  of  both 
Ti~7Al-2Cb-lTa  and  KY-130  steel.  In  order  that  the  be¬ 
havior  of  the  base  metal  might  be  observed,  there  were 
no  corrosion  resistant  coatings  applied  to  either  of 
the  materials. 

A  Sonntag  SF10-U  axial  loading  fatigue  machine 
was  selected  for  tests  in  order  that  the  specimens  might 
be  subjected  to  the  same  type  of  loading  that  the  ma¬ 
terial  will  experience  in  service.  This  machine  was 
tuen  modified  to  permit  testing  in  u  salt  water  (simulated 
sea  water)  environment.  The  modification,  which  is  shown 
in  figure  ’:.07,  consisted  of  the  addition  of  a  large  tank 
to  the  bed  of  the  test  machine.  This  tank  incorporated 
grips  to  pick  up  the  lower  end  of  the  test  specimen.  The 
loading  pi"  at  the  lower  end  of  the  specimen  was  sealed 
from  the  salt  water  bath  to  prevent  premature  fatigue 
failure  of  the  specimen  in  the  grip  area.  Provisions 
were  made  for  replenishment  and/or  replacement  of  the  salt 
water  during  the  course  of  testing  should  it  become  neces¬ 
sary.  Normal  vibrations  in  the  test  machine,  which  opera¬ 
tes  at  1800  cpm,  provided  sufficient  agitation  in  the  salt 
vater  to  assure  that  corrosion  products  were  carried  away 
from  the  surface  of  the  specimen  as  rapidly  as  possible. 

A  total  of  13  specimens,  made  in  accordance  with 
the  drawing  of  figure  4.1,  were  faoricated  from  each  of 
the  candidate  materials.  These  specimens  were  tasted  under 
uniaxial  fatigue  loading  at  a  stress  ratio  of  0.10.  Stress 
levels  were  selected  to  cover  the  range  from  10**  to  10? 
cycles  of  load.  In  order  that  the  HY-130  specimens  have 
a  standard  conditioned  surface  representative  of  a  mild 
corrosive  exposure,  steel  specimens  were  subjected  to  a 
one  week  static  immersion  in  synthetic  sea  water  prior  to 
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testing.  The  titanium  specimens  were  not  exposed  to  the 
sea  water  prior  to  fatigue  testing  since  static  immersion 
tests  on  all  the  titanium  alloys  indicated  no  detectable 
effects . 


Subsequent  to  completion  of  each  test,  the 
specimen  was  removed  from  the  test  macnine  for  inspection 
at  the  earliest  opportunity.  In  some  cases  this  involved 
a  delay  of  up  to  bO  hours  during  which  time  the  fracture 
surfaces  were  submerged  in  the  salt  water  bath.  Con¬ 
sequently  some  of  the  HY-130  specimens  had  appreciable 
amounts  of  corrosion  on  the  fracture  surfaces  whtn  in¬ 
spected.  Basically  inspection  consisted  of  the  olloving 
items;  visual  examination  to  establish  the  location  of 
the  t'rac  cure  followed  by  examination  of  the  fracture  sur¬ 
faces  with  a  ten  power  hand  held  magnifying  glass  to  es¬ 
tablish  the  presence  of  gross  defects,  if  any,  and  the 
origin  of  fracture.  Final  inspection  was  accomplished 
through  the  use  of  a  30x  binocular  microscope  for  a  more 
detailed  examination  of  the  fracture  surfaces  where 
possible.  The  overall  condition  of  the  specimens  sub¬ 
sequent  to  testing  was  such  that  any  examination  of  the 
fracture  surfaces  was  not  particularly  revealing.  This 
may  be  attributed  to  the  manner  in  which  the  Sonntag 
fatigue  machine  operates.  Alternating  loads  are  applied 
to  specimen  through  the  use  of  an  eccentric  weight  which 
rotates  at  lSOO  rpm.  Since  there  is  no  braking  system 
on  this  machine  the  eccentric  continues  to  oscillate 
for  a  short  period  of  time  after  the  power  is  cut-off 
by  specimen  failure.  In  most  cases,  this  oscillation 
brings  the  fracture  surfaces  into  violent  contact  with 
one  another  one  or  more  times.  This  battering  action 
then  tends  to  obliterate  all  but  gross  details  on  the 
fracture  surfaces. 

The  results  of  these  tests  are  shown  in  tables 
4-3  and  4-4,  and  are  plotted  in  the  form  of  S-N  curves 
in  figures  4.0b  and  L .09* 

As  noted  in  tables  4-3  and  4-4,  there  were 
indications  of  porosity  in  some  of  the  welds,  but 
examinations  of  the  fracture  surfaces  (subject  to  the 
previously  mentioned  limitations)  indicated  that  weld 
quality  was  generally  satisfactory  in  each  material 
and  that  the  fatigue  failures  were  normal  in  nature. 
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Inspection  of  the  S-N  curves  of  figures  4.08  and 
4.09  will  show  that  the  uncoated  HY-130  is  poorer  in  fatigue 
than  the  Ti-7Al-2Cb-lTa  as  might  be  expected.  This  behavior 
serves  to  emphasize  the  need  for  application  of  an  adequate 
protective  system  to  insure  structural  reliability  during 
the  operating  lifetime  of  a  HY-130  hydrofoil.  In  order  to 
show  the  degree  of  improvement  which  might  be  expected  upon 
the  application  of  a  suitable  protective  coating  to  a 
steel  hydrofoil  structure,  the  data  contained  in  reference 
18  was  extrapolated  to  obtain  the  reference  curve  which 
is  shown  in  figure  4.09.  This  curve  indicates  that  the 
application  of  a  suitable  protective  coating  might  result 
in  an  increase  of  fatigue  life  as  high  as  20  to  1.  Since 
conventional  fatigue  curves  are  normally  considered  to  be 
independent  of  testing  time  as  opposed  to  the  effects  of 
corrosion,  which  are  highly  time  dependent,  it  should  be 
noted  that  the  data  reported  herein  do  not  tell  the  full 
story.  However,  it  may  be  seen  that  significant  improve¬ 
ment  in  fatigue  behavior  may  be  expected  upon  application 
of  suitable  protective  coatings. 

Since  titanium  alloys  have  long  been  considered 
insensitive  to  corrosive  attack  (under  conditions  represen¬ 
tative  of  those  to  be  experienced  during  normal  operation 
of  hydrofoil  vehicles)  the  curve  presented  in  figure  4.08 
was  considered  to  be  fully  representative  of  the  behavior 
of  fusion  welded  Ti -7Al-2Cb-lTa  in  either  air  or  sea  water. 
The  test  data  generated  during  the  course  of  this  investi¬ 
gation  indicate  a  substantial  loss  in  fatigue  life  relative 
to  ultimate  tensile  strength  as  compared  to  other  welded 
titanium  alloys,  for  example  Ti -0AI-IM0-I V  as  shown  in 
reference  19  •  As  mentioned  earlier  in  this  discussion, 

examination  of  the  fracture  surfaces  of  these  specimens 
by  LTV  personnel  failed  to  reveal  any  gross  abnormalities 
to  which  this  loss  in  strength  might  be  attributed.  In 
an  effort  to  obtain  an  explanation  for  this  behavior, 
failed  specimens  from  this  group  were  forwarded  to 
Reactive  Metals  Inc.,  the  producer  of  the  material,  for 
more  detailed  metallurgical  examination.  The  results  of 
this  examination  revealed  that  ther°  were  evidences  of 
incomplete  fusion  at  the  root  of  t.h*  weld.  These  areas 
would  then  react  in  much  the  same  way  as  a  mechanical 
notch  with  an  attendant  reduction  in  fatigue  life.  It 
should  also  be  noted  that  resea’ ch  concerned  with  materials 
for  deep  submersible  vehicles,  reference  20  ,  has  un¬ 

covered  a  previously  unsuspected  suscebtibili ty  to  stress- 
c orros i on-c rack l ng  in  the  T i -7Al-2Cb-lTa  material  which 
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might  also  contribute  to  the  reported  reduction  in  fatigue 
strength.  Although  this  phenomena  is  not  completely  under¬ 
stood  &t  the  time  of  this  writing,  its  effects  can  be 
readily  observed  as  a  reduction  in  the  plane-strain  fracture 
toughness  of  a  given  material  in  the  presence  of  a  flaw, 
such  as  a  fatigue  crack  or  partially  welded  area,  and  a 
moist  environment.  Since  the  application  of  a  protective 
coating  to  a  titanium  structure  is,  at  best,  a  poor  and 
costly  solution  to  the  problem,  it  is  felt  that  increased 
fatigue  life  may  only  be  attained  by  uslr.g  improved  fab¬ 
rication  techniques  and  from  metallurgical  changes. 

Although  additional  testing  is  recommended  for 
both  program  materials  to  assess  more  thoroughly  the 
effect  of  welding  and/or  various  protective  systems  on 
overall  fatigue  life,  the  results  of  the  tests  reported 
herein  Indicate  that  either  candidate  material  would  be 
suited  for  use  on  a  hydrofoil  vehicle  from  the  standpoint 
of  fatigue  behavior. 


4.3.2  INTERMITTENT  CORROSION  -  CORROSION  FATIGUE 

In  the  case  of  hydrofoil  vehicles,  additional 
difficulties  may  be  encountered  in  designing  for  fatigae. 
These  difficulties  are  associated  with  the  vehicle  environ¬ 
mental  conditions.  Many  of  the  materials  whicn  are  suited 
for  use  in  a  vehicle  of  this  type  are  subject  to  corrosive 
attack  when  exposed  to  sea  water.  If  theBe  materials  are 
not  protected  from  corrosion,  drastic  reductions  in  fatigue 
life  may  be  expected  over  a  period  of  time. 

Since  a  non-retractable  foil  may  possibly  spend 
a  major  portion  of  its  service  life  submerged,  and  since 
the  effects  of  static  corrosion  attack  may  interact  in  an 
unfavorable  manner  with  those  resulting  from  corrosion 
fatigue,  it  Is  mandatory  that  the  materials  used  for  foil 
construction  ha/e  eit  er  a  high  natural  resistance  to 
corrosion  or  be  supplied  with  an  auxiliary  protecti/e 
system.  This  problem  is  not  as  critical  for  the  retractabl 
foils  since  they  may  be  washed  down  to  minimize  the  damaging 
effects  of  corrosion  on  fatigue  life. 

One  of  the  promising  materials  for  use  in  hydrofoil 
vehicles  is  HY-130  steel  which  i6  susceptible  to  corrosion 
attack.  In  order  that  satisfactory  performance  may  be 
realized  with  this  material,  it  is  necessary  to  apply  a 
protective  coating.  No  known  coatin^  will  provide  absolute 
protection  against  sea  water  attack  over  an  extended  time 
period,  and  it  is  considered  that  a  gradual  deterioration 
of  HY-130  steel  will  occur  even  with  an  intact  coating.  In 
view  of  this,  a  limited  investigation  was  conducted  to 
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determine: 


1.  The  effectiveness  of  the  currently 
recommended  protective  coat’ng  in  preventing 
corrosion  attack  after  prolonged  exposure  to 
a  marine  environment. 

2.  The  degree  of  interaction  oetween  the  effects 
of  static  corrosion  and  corrosion  fatigue  which 
might  be  observed  in  the  event  that  the  coating 
did  not  afford  adequate  protection  to  the  speci¬ 
men  . 

Six  unveldea-notched  (Kt»2.5)  specimens  fabricated 
from  HY-130  material  were  costed  with  20  mils  of  Mosite  60134A 
Neoprene  applied  over  3  mils  of  flame  sprayed  aluminum  prior 
to  testing.  Three  of  the  specimens  were  to  be  exposed  to 
alternating  periods  of  btatlc  immersion  and  fatigue  cycling 
with  three  months  total  static  immersion.  The  other  three 
specimens  were  to  be  exposed  and  tested  in  a  similar  manner 
except  that  total  immersi on  time  was  to  be  six  months  as 
shown  in  table  4-5.  Specimens  2  and  3  received  three  months 
total  static  imners'on  while  specimens  5  and  6  were  exposed 
for  six  months.  Specimens  1  and  4,  which  were  scheduled 
for  three  and  six  aonth  static  immersion  respectively, 
suffered  fatigue  ’’allures  prior  to  attaining  these  goals. 

Subsequent  to  failure,  all  specimens  were  care¬ 
fully  inspected  in  order  to  estaolish  the  nature  of  the 
failure.  Since  the  protective  coatings  did  not  rupture  at 
the  time  of  failure,  inspection  for  evidence  of  corrosion 
was  accomplished  with  ease.  Inspections  were  conducted 
as  described  below; 

1.  The  Neoprene  coating  was  cut  with  a  knife 
at  the  fracture  location  and  the  fracture  cur- 
face  was  examined  for  signs  of  corrosion  through 
the  use  of  a  30::  binocular  microscope. 

2.  The  neo,jr^ne  coating  was  peeled  back  a 

reasons  le  distance  on  either  ride  of  the 
fracture  and  the  exposed  surfaces  were  ex¬ 
amined  for  ^^rrosi^n.  or  other  abnormalities, 
wit;,  the  binocular  microscope. 

As  previously  noted,  detailed  Inspection  of  the  fracture 
surfaces  was  not  always  possible  due  to  their  battered 
condition,  but,  m  most  cases,  the  origin  of  fracture 
could  be  determined  and  tne  presence  of  corrosion  pro¬ 
ducts  coui^  have  been  detected. 
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Fatigue  tests  were  conducted  on  the  modified 
:'onntag  0K10-U  fatigue  machine  which  is  discussed  in 
oection  4.  .  of  lliiu  report.  Test  stress  levels  were  es¬ 
tablished  through  the  use  of  an  S-N  curve  which  was 
constructed  from  available  information  on  the  fatigue 
behavior  of  alloy  steel  (S\E  4130)  tested  in  air.  A 
stress  level  of  r«0, 000  ps  i  was  selected  to  produce  a 
life  of  approximately  10°  cycles  assuming  no  detrimental 
effects  due  to  corrosion. 

The  tests  were  conducted  in  the  following  manner: 

1.  Soak  coated  specimens  in  sea  water  for  pre¬ 
determined  periods  of  time  (one  month  or  two 
months).  This  exposure  to  be  made  at  Harbor 
I s land . 

■-  -  Ship  wet  to  LTV  for  fatigue  cycling. 

j.  Cycle  for  3.5  x  10^  cycles  in  simulated 
sea  water  at  a  maximum  axial  stress  of  50  ksi, 

R  =  0.10. 

4.  Ship  wet  to  Harbor  Island  for  an  additional 

period  of  static  immersion. 

5 .  Repeat  steps  1,  2,  and  3  two  more  times, 
except  cycle  to  failure  during  third  fatigue 
cycling  period. 

Test  results  are  presentea  in  table  4-5  and 
fifcure  ■♦.IJ.  After  testing  was  completed  all  specimens 
were  carefully  examined  and,  with  the  exception  of 
specimen  number  1  discussed  earlier,  were  found  to  have 
experienced  normal  fatigue  failures.  Neither  the  flame 
sprayed  aluminum  nor  the  HY-130  base  metal  shoved  any 
signs  of  corrosion.  In  addition,  the  scatter  observed 
in  these  tests  is  consistent  with  that  observed  in  most 
fatigue  tests  and  cannot  be  attributed  to  any  abnormal 
behavior. 

It  may  be  concluded  from  these  results  that 
the  protective  coating  used  f-.-r  thi6  investigation  pro¬ 
vided  sufficient  protection  to  prevent  base  metal 
corrosion  and  fatigue  life  deterioration  for  a  period 


Report  2- 53100/ 5R- 2179 
Page  If. 12 

LTV  VOUGHT  AERONAUTICS  DIVISION 


of  at  least  six  months.  This  is  not  to  say,  however,  that  detrimental  effects 
may  not  be  observed  after  longer  periods  of  exposure.  Before  coating  lives 
can  be  extended  beyond  present  capabilities.  It  will  be  necessary  to  conduct 
additional  Investigations  of  this  nature  covering  significantly  longer  exposure 
periods  In  order  to  assure  structural  Integrity  for  the  life  of  the  vehicle. 


U.if  IMPACT  TOUGHNESS 


During  tie  Phase  II  screening  tests  toughness  evaluations  were 
made  on  the  basis  of  percent  elongation  from  tensile  tests,  Cbarpy  V  notch 
tests,  Nil-ductility- transit ion  tests,  weld  bend  tests  and  notched- to- 
unnotched  ratio  tensile  tests.  These  tests  were  adequate  far  the  early 
comparisons;  however,  as  the  program  progressed,  toughness  deficiencies 
became  apparent  In  most  of  the  candidate  materials  and  the  more  sophisticated 
toughness  test  techniques  and  criteria  be case  necessary.  Toward  the  end  of 
Phase  II,  toughness  data  became  available  on  a  number  of  structural  materials 
from  the  NHL  drop  weight  tear  tests,  the  explosion  bulge  test  and  the  explosion 
tear  tests,  reference  11. 

There  Is  no  established  design  procedure  for  direct  relation  of 
the  Impact  toughness  of  a  material  to  the  toughness  requirements  of  a 
structural  component  such  as  a  hydrofoil.  A  measure  of  relation  has  been 
achieved  by  laboratory  correlations  of  a  large  number  of  field  service 
failures  ranging  from  Liberty  ships  to  pressure  vessels.  A  large  variety 
of  laboratory  test  techniques  have  been  developed  and  are  used  to  determine 
the  relative  toughness  of  structural  materials.  The  results  of  these  tests 
are  applied  to  new  designs  mostly  by  design  Intuition  and  comparisons  with 
previous  experience  with  similar  structures.  In  the  hydrofoil  materials 
program,  materials  were  tested  for  impact  toughness  using  the  classic  Cbarpy 
V  notch  test  and  the  NKL  drop  weight  tear  test  over  a  temperature  range  that 
lc  expected  to  bracket  any  hydrofoil  operation.  The  requijwd  toughness  level 
for  titanium  was  tentatively  established  at  35  foot  pounds  at  3? r  for  the 
Charpy  V  notch  test.  Minimum  toughness  requirements,  as  measured  by  the  NKL 
drop  weight  tear  test,  have  been  established  at  2000  foot  pounds  for  titanium 
and  3000  foot  pounds  for  6teel  at  32°?-  These  values  were  based  00  a  large 
number  of  explosion  '  ear  tests  conducted  by  NRL  on  hull  plate  materials  to 
simulate  depth  charge  blasts  on  submarines. 

In  the  selection  of  alloys  for  this  program.  Initial  toughness 
goals  were  outlined  by  BuShipe  technical  areas.  These  Initial  values  were 
based  on  the  background  of  the  Navy  in  Increasing  reliability  of  ship  and 
submarine  structures  by  a  toughness  requirement  for  materials  of  construction 
both  In  the  welded  and  unwelded  condition,  particularly  In  the  presence  of 
a  flaw.  By  comparison,  toughness  has  not  been  a  major  factor  In  the  design 
of  aircraft  components;  however.  Increasing  mashers  of  brittle  failures 
occurring  In  high  strength  load  bearing  components  have  caused  changes  In 
same  designs.  In  this  case,  when  toughness  In  the  parent  material  and  weld 
areas  can  be  Increased  to  acceptable  limits  by  heat  treating  the  entire 
structure  to  an  acceptable  lower  strength  level,  this  action  has  been  taken. 

In  other  cases  of  aircraft  landing  gear  where  weight  was  extremely  critical, 
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the  higher  strength  materials  have  been  retained.  In  these  cases, 
Manufacturers  have  paid  the  price  of  the  more  careful  processing  that  is 
required  for  reliable  performance. 

These  tvo  examples  of  material  and  heat  treatment  selection  are 
briefly  mentioned  here  because  they  represent  extremes  between  which  hydro¬ 
foils  and  struts  are  logical  lntenaedlate  cases.  They  represent  the 
intermediate  position  by  vay  of  the  importance  of  weight  to  performance, 
the  probability  of  encountering  major  Impacts,  and  the  consequences  of 
brittle  fracture.  For  brittle  fracture,  however,  the  consequences  may  be 
no  worse  than  for  the  landing  gear  example,  reference  12. 

Many  of  the  candidate  hydrofoil  materials  were  eliminated  from 
the  program  because  of  deficient  toughness.  In  most  materials  the  Impact 
toughness  is  an  Inverse  function  of  the  yield  and  tensile  strengths  and, 
consequently,  where  strength  levels  can  be  controlled  by  heat  treatment, 
there  is  a  corresponding  toughness  control.  The  strength- toughness  relation¬ 
ship  differs  substantially  for  different  materials  and  even  for  different 
alloy  compositions  of  similar  materials.  Ti  7Al-2Cb-lTa  and  Ti  8Al-2Cb-lTa 
are  the  only  titanium  alloys  investigated  in  the  hydrofoil  materials  program 
which  met  the  minimum  toughness  requirement.  Ti  6A1-4V  (ELI)  with  a  special 
anneal  at  the  beta  transus  temperature  gave  22-24  foot  pounds  Charpy  V  notch 
which  is  a  significant  toughness  improvement;  however,  comparison  with  NRL 
data  Indicates  that  the  2000  foot  pound  drop  weight  tear  test  requirement 
would  not  be  met.  In  all  cases,  the  weld  toughness  for  titanium  alloys  was 
at  least  as  high  as  tliat  of  the  parent  material. 


4.4.1  HY  130  SmL  TOUGHNESS 

HY  130  was  the  only  steel  tested  in  the  program  which  provided 
adequate  toughness.  Here,  also,  the  weld  toughness  equalled  that  of  the 
parent  material. 

The  results  of  the  toughness  tests  for  the  two  final  selection 
materials  are  shown  in  Tables  4-6  and  4-7  and  Figure  4-11 . 

The  NRL  toughness  evaluation  techniques  had  provided  toughness 
substantiation  for  HY  80  and  HY  100.  Since  these  materials  were  both  In 
use  for  the  fabrication  of  the  PC(H)-1  and  the  A0B(H)-1  foil  structures, 
BuShips  technical  personnel  requested  that  final  evaluation  for  steel  in 
this  program  be  on  a  higher  heat  treat  condition  of  the  same  material. 

Available  data  for  HY  80  and  HY  100  steel  indicated  this  material  should 
have  adequate  toughness  and  stress  corrosion  resistance  through  the  130-150 
KSI  yield  strength  range. 

Metallurglcally,  except  In  the  brittle  temper  range,  lower 
strength  levels  resulted  in  increased  reliability  through  greater  ductility, 
notch  toughness,  and  greater  resistance  to  brittle  failure .  HY  130  alloy 
heat  treatment  was  selected  to  preclude  stress  corrosion  cracking  in  the 
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heat  affected  zone,  and  provide  sufficient  toughness  to  withstand  severe 
impact  without  brittle  failure. 

This  plate  was  given  a  high  degree  of  cross* rolling  (one  to  one) 
shown  by  Puzak  and  Lqyd  of  NRL  (Reference  13)  to  develop  Improved  toughness 
In  the  weak  direction.  This  cross  rolling,  chemistry  and  heat  treatment 
resulted  in  toughness  values  considerably  higher  than  expected  for  this 
combination  on  the  welded  or  unwelded  condition  as  shown  by  comparison  with 
values  listed  in  figure  iC  of  reference  14. 


M.?  Ti  7Al-2Cb-lTa  TOUGHNESS 

Toughness,  strength  and  reliability  have  Influenced  the  evaluation 
of  titanium  In  the  6ame  manner  as  steels.  Initially  a  low- interstitial 
Tl-QAl-bV  was  considered  the  best  compromise  material.  Since  btress  corro¬ 
sion  cracking  was  considered  an  unlikely  occurrence  in  a  marine  environment, 
only  impact  toughness  and  its  relation  to  reliability  were  given  consider¬ 
ation.  The  NTT  test  corresponding  to  a  five  to  seven  percent  strain  before 
fracture  in  the  explosion  bulge  test  was  used  as  the  desirable  value  which 
only  the  Ti-7Al-2Cb-lTa  alloy  of  the  presently  developed  Titanium  alloys 
could  meet.  This  essentially  embraced  the  reliability  requirements  of  a 
submarine  application, and  this  need  justified  the  introduction  of  a  new  alloy 
into  a  relatively  new  and  severe  application.  At  this  time  the  pertinent 
question  of  results  of  impact  on  the  safety  of  the  craft  was  asked.  This  is, 
"Is  it  better  to  have  a  strut  and  foil  break  free  completely  from  the  hull 
structure  or  have  it  severely  deforemed  so  that  control  may  be  impaired?" 

This  question,  as  the  toughness  criteria  in  general,  leaves  many  unknowns  to 
ponder.  It  is  believed  that  future  designs  will  take  advantage  of  higher 
mechanical  properties  and  proved  corrosion  resistance  with  a  lower  toughness 
requirement,  while  maintaining  or  improving  reliability. 

Titanium  toughness  data  are  presented  in  Tables  4-6,  4-7  and  4-8 
and  Figure  4.12.  Toughness  data  for  Ti  6A1-4V  are  presented  to  show  the 
increased  toughness  that  can  be  obtained  in  this  material  when  a  near- beta¬ 
tron  bus  heat  treatment  Is  employed.  The  Charpy  V  notch  values  shown  represent 
approximately  50^  Increase  in  Impact  fracture  energy  over  that  for  the 
"ns  received "toughness. 


i 
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This  section  Is  intended  to  sire  the  designer  general  gold# lines 
end  data  to  eld  in  decisions  In  minimising  netel  losses  resulting  fra* 
corrosion,  csrltetloa,  end  erosion  end  to  estlnste  skin  thickness  necessary 
to  canpensste  for  losses  du*  to  these  factors. 


4.5.1  SHIMMED  OTITIC  CCRR06IO 

8tstlc  corrosion  netsl  loss  rates  are  given  for  a  masher  of 
naterlals  In  Tables  2-9  through  2-15  and  figure  2.1,  Appendix  A.  These 
rates  cau  bemused  to  estlnste  the  loss  in  thickness  In  Indies  per  year, 
ipy,  or  nils  per  ye -Mr,  npy,  (l  nil  »  0.001  incl.js)  for  t>e  periods  of  tine 
that  the  unprotected  foil  Is  subnergsd  either  a4,  dockside  t  r  during  hullborae 
operation  at  low  operating  speeds.  These  values  'an  else  j*  used  to  estlnate 
corrosion  rates  of  the  foils  in  the  r  tracted  p^sitlor  This  estlnate  would 
be  based  on  the  fraction  of  the  tine  the  foil  would  be  vet  with  eea  water 
•pray.  In  the  case  of  subnerged  tines  on  IT-130  steel,  the  corrosion  rate 
can  be  reduced  markedly  by  coatings  and  by  application  of  a  cathodic 
protective  system.  The  latter  protection  «*  not  studied  in  this  program. 
Tltanlns  and  titanium  alloys  are  essentia*.-  v  free  fren  any  subnerged  static 
corrosion  metal  loss. 


A. 5.2  PXTTDKJ  AID  CRSVICE  C0HR06F'* 

fitting  and  crevice  formation  is  given  for  the  naterlals  where 
these  phenomena  were  seen  to  occur.  The  ST-130  material,  although  not 
specifically  tested  in  this  progrui,  performs  generally  as  other  low  alloy 
•j  tee  Is  and  does  not  pit  deeply.  It  shows  a  .007  Inch  average  for  the  ten 
deepest  pits  based  on  data  for  another  lew  alloy  steel  which  is  only  .OCC 
itches  greater  than  the  overall  average  of  0.005  Inches  per  year  netal 
loss.  Titanium  alloys  including  the  T1  6A1-A?  and  Ti  8Al-2Cb-lTs  do  not  pit 
or  corrode  preferentially  at  crevices .  Data  for  other  alloys  evaluated  In 
Rinse  n  of  the  program  are  presented  in  Appendix  A.  Significant  Increases 
In  corrosion  rates  yi*.l  be  noted  for  some  materials  with  an  increase  in 
the  temperature  of  the  ort'ent  tea  water  and  the  resultant  Increase  in  fouling 
organism  population,  from  a  design  viewpoint,  it  is  doubtful  that  materials 
which  are  not  protected  to  prevent  fouling,  pitting  or  crevice  corrosion, 
and  which  have  a  significant  tendency  to  these  effects,  are  practical  for 
foils  which  cannot  be  retracted,  fa*  retractable  foils,  these  effects  must 
be  taken  Into  consideration  _a  the  avoidance  of  crevices,  water  traps  1c 
the  retracted  position  and,  If  possible,  providing  for  wash  down  of  the 
foils  whan  retracted.  Comparative  data  shoving  the  advantages  to  be  gained 
by  monthly  removal  of  fouling  organisms  from  a  foil  that  Is  coctlnuouely 
submerged  are  also  shewn  In  Appendix  A. 
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4.  $.3  CAVTTATICI  -  CORROSIOJ 

Metal  .oases  due  to  the  combined  influence  of  cavitation  and 
corrosion  can  be  seen  in  Irbies  2-32  and  2-33,  Appendix  A,  to  be  of  a 
higher  order  of  Magnitude  than  for  static  corrosion  alone.  Although  the 
exact  relationships  of  the  cavitation  intensities  in  the  magnetostricture 
and  the  rotating  disc  tests  to  those  which  occur  on  the  foils  at  90  knot 
velocities  are  not  known,  experience  on  the  PC(B}-1  Indicates  that  these 
tests  are  not  too  severe.  Thus,  it  is  apparent  that  the  steel  must  be 
protected  from  low  intensity  cavitation  and  that  at  high  cavitation  levels 
the  titan! ue  alloys  will  also  require  protection.  The  use  of  coatings  to 
obtain  this  as  well  as  corrosion  and  iapingeaent  erosion  corrosion  protection 
is  discussed  in  Section  4.7. 

Assuming  that  the  geometry  of  the  foil  and  struts  will  generate 
cavitation  iaploslon  intensities  equal  to  the  IASL  cavitation  disc,  the  foils 
and  struts  manufactured  iron  titanivm  alloy  will  be  essentially  free  of 
cavitation  problems  at  velocities  up  to  125  feet  pec  second,  but  will  reach 
a  threshold  at  soae  velocity  between  125  and  150  feet  per  second  where 
major  aetal  losses  begin  to  occur .  If  the  more  advantageous  course  of 
design  around  cavitation  damage  cannot  be  taken,  then  the  addition  of 
elastomeric  overlays  in  these  localized  areas  is  recommended  (See  Section 
4.7).  References  'tx  thru  ;  offer  a  sophisticated  approach  to  material 
properties  to  resist  cavitation  damage  and  reference  5  gives  cavitation 
data  for  a  large  masher  of  material: .  In  this  program,  there  was  a  general 
correlation  of  higher  hardness  and  good  corrosion  resistance  with  higher 
resistance  to  cavitation-corrosion  damage. 


4.5.4  IMUKGOffiRT  EROS  ION 

A  large  body  of  data  has  been  generated  by  investigators 
covering  the  increased  uetal  lo.ss  rates  with  increased  sea  water  iapingeaent . 
Many  materials  are  shown  to  have  a  threshold  for  Markedly  increased  me  cal 
loss  rates  at  velocities  below  fifty  feet  per  **cond.  Ibis  is  Vlievea  tc 
be  a  function  of  the  structure  of  the  aetal  oxide,  and  the  adhesive  strength 
of  the  oxide  to  the  aetal  as  It  is  formed  in  the  marine  environment.  When 
the  forces  resulting  fraa  velocity  and  angle  of  iapingeaent  are  great  enough 
to  remove  the  protective  oxide,  a  fairly  rapid  reformation  of  the  oxide 
follows  with  the  resultant  loss  of  aetal  and  strength.  The  rate  of  oxide 
formation  (corrosion  rate)  is  thus  vO  be  a  significant  factor. 

The  !3tpingeaent  angle  has  been  found  to  affect  the  degree  of 
rtsmagr  experienced  on  aircraft  operating  in  rain  at  speeds  above  500  aph . 
Iapingeaent  erosion  of  aetals,  coatings,  and  plastic  laminates  in  th<«  ^as? 
has  been  found  negligible  at  angles  of  iapingeaent  of  less  than  15  degrees 
to  the  surface.  Thirty  (30)  day,  45°  impingement  angle,  90  knot  sea  water 
impingement  data  for  steel  and  tltanivm  alloys  are  shown  in  Table  2-31, 
Appendix  A.  Low  alloy  steels  lost  metal  at  rates  greater  than  0.1  inches 
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per  year  of  operation  at  90  knots.  This  is  20  to  100  times  the  static 
corrosion  rate  and  is  expected  to  be  higher  as  the  angle  of  impinge¬ 
ment  increases  from  4  5  to  90  degrees  and  markedly  lever  as  the  angle 
of  impingement  decreases  and  laminar  flow  is  approached.  Thus  this 
increased  metal  loss  rate  requires  attention  f  jr  materials  along 
leading  edges  and  in  turbulent  areas.  The  weld  areas  of  steel  are  seen 
to  be  slightly  better  in  resistance  to  impingement-erosion  than  the 
parent  steel  and  titanium  alloys,  welded  or  unwelded,  are  essentially 
immune  to  this  effect  at  90  knots. 

4.5.5  STRESS  CORROSION  CRACKING 

Time  dependent  brittle  cricking  which  occurs  under  the 
influer.ee  of  continuous  tensile  ■’tress  and  a  corrosive  environment  is 
commonly  known  as  stress  corrosion  cracking.  The  most  cannon  form  of 
stress  causing  these  failures  are  those  residual  stresses  resulting 
from  fabrication  such  as  welding.  Since  hydrofoil  struts  and  foils 
will  be  of  such  size  that  neat  treatment  and  stress  relieving  after 
heat  treatment  is  impractical,  testing  in  Phase  III  was  done  using  5 
inch  circular  restrained  welds  on  one  foot  cquare  plates  one-half  and 
one  inch  thick.  Thus,  the  parent  metal,  weld  and  heat  affected  zones 
were  present  as  they  will  O'-cur  metallurgically  on  the  foil.  Exact 
stresses  present  are  not  known,  but  they  are  known  to  be  high, 

Reference  IS  Higher  strength  levels  have  generally  resulted  in  greater 
susceptibility  to  stress  corrosion  cracking.  Higher  stress  levels  which 
exceed  broad  thresholds  for  cracking  else  cause  a  decrease  in  time  to 
failure.  Thirty  month  exposure  of  restrain  welded  HY  130  heat  treated 
to  the  145  f:si  yield  strength  range  In  the  80’  lot  at  Kure  Beach  indicates 
that  it  is  insensitive  to  this  effect  in  a  marine  atmosphere.  As  shown 
in  Table  4-9  and  Figure  4.13  the  Ti  7Ai-2Cb* LTft  does  stress  corrosion 
crack  and  thus,  in  its  present  form,  is  not  a  suitable  alloy  for  use  in 
this  environment.  Other  stress  corrosion  data  indicate  the  cracking  of 
4330M  steeL  when  stressed  to  ninety  percent  of  l6C  ksi.  yield  strength 
and  even  as  low  as  150  ksi  yield  strength.  Ti  £Ai-4y  stressed  in  a 
restrained  weld  specimen  has  shown  no  signs  of  failure  to  date  after 
atmospheric  and  submerged  exposure  as  shown  in  'Table  -'*'29,  Appendix  A. 

Thus,  titanium  alloys  previously  thought  to  be  immune  to  stress 
corrosion  cracking  will  have  to  be  carefully  tested  for  this  phenomena. 
Steels  heat  treated  above  x50  ksi  yield  strength  and  exposed  in  the 
welded  condition  will  be  subject  to  suspicion,  particularly  in  the  heat 
affected  zones. 
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4.6  CD4-MCu  and  17-4PH  STAINLESS  STEEL  CASTINGS 

During  Phase  I  and  II  of  this  program,  no  casting  materials 
were  investigated  which  proved  suitable  for  use  on  operational,  full 
size,  non- re tractable  foils.  Another  possibility  for  casting  use  arose 
in  test  programs  utilizing  solid  cast  hydrofoils  for  hydrodynamic 
experin*ents .  In  this  program,  it  was  assumed  that  castings  can  be 
used  to  advantage  from  a  structural  geometry  and  cost  standpoint.  It 
was  also  assumed  that  the  foils  can  be  removed  from  the  water  when  not 
in  use  and  the  relatively  short  life  of  less  than  1,000  hours  makes 
long  term  submerged  static  corrosion  properties  less  important. 
Corrosion-fatigue  and  stress  corrosion  cracking  tests  were  designed  to 
supplement  fatigue  data  available  from  the  Lebanon  Steel  Foundry  and 
stress  corrosion  cracking  data  from  the  Marine  Engineering  Laboratory. 
17-4FH  was  given  the  H-1100  age  and  CD4-MCu  was  heat  treated  with  a 
furnace  cool  to  17!?0oF  to  minimize  quench  or  stress  corrosion  cracking. 

4.6.1  CD4-MCu 

CD4-MCu  was  tested  for  degradation  by  static  corrosion, 
stress  corrosion  cracking  and  corrcs ion -fatigue.  Static  corrosion 
specimens  were  welded  and  reheat  treated  to  simulate  the  practice  for 
small  foils  requiring  repair  welds.  A  second  weld  was  placed  on  the 
specimen  which  was  not  heat  treated  after  welding  to  simulate  minimum 
labor  and  time  delay  practice  for  use  whenever  this  was  shown  to  be  a 
satisfactory  repair  method.  Rapid  pitting  action  up  to  14.3  mils  deep 
after  two  months  static  exposure  indicated  this  material  to  be  unsatis¬ 
factory.  Static  corrosion  lata  obtained  thus  far  are  presented  in 
Table  4-10  and  Figures  4cl4  and  4,13.  Stress  corrosion  cracking  tests 
were  carried  out  with  the  standard  bent  beam  specimens  having  velds  doth 
heat  treated  after  welding  and  without  subsequent  heat  treatment,  stress 
to  ninety  percent  of  yield  strength.  Results  shewn  in  Table  4-10  shew 
nc  cracking  either  submerged  in  sea  water  or  in  the  marine  atmosphere 
of  the  80'  lot  at  Kure  Beach  after  a  nine  month  exposure,  These  tests 
are  being  continued  in  order  to  have  long  term  data  for  this  chemistry 
and  heat  treatment  to  more  completely  characterize  the  variables  which 
affect  cracking.  A  more  extensive  stress  corrosion  program  run  by  the 
Marine  Engineering  Laboratory  has  shewn  CD4-MCu  to  crack  in  several 
different  compositions  and  heat  treatments  so  that  a  satisfactory  set 
of  parameters  to  prevent  cracking  cannot  be  defined.  An  additional 
program  being  carried  out  by  MEL  and  Ohio  State  University  is  now  in 
progress  in  an  effort  to  define  these  parameters ,  At  this  stage  of 
development,  the  material  appears  to  be  unsatisfactory  for  hydrofoil 
use.  Weeding  of  uhe  CD4-MCu  alloy  to  simulate  repair  welds  was  not 
developed  in  initial  trials  shown  in  Section  5*0*  Further  work  on  this 
material  was  abandoned  because  of  the  corrosion  and  cracking  occurring 
in  this  and  the  referenced  MEL  program. 
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4.6.2  1 ’-4PH-H-110O 

The  17-UPH-H-liOO  casting  material  was  tested  for  stress 
corrosion  cracking,  repair  welding,  and  in  corrosion-fatigue  life.  The 
stress  corrosion  cracking  tests  were  run  by  welding  the  specimens  as 
described  in  Section  4.6.1  for  CD4-M  Cu.  Specimens  were  exposed 
In  the  unwelded,  as  welded,  and  welded  avid  reheat -treated  conditions  in 
order  to  determine  if  stress  corrosion  cracking  would  occur  in  weld  heat 
affected  tones  and  if  reheat  treatment  after  welding  were  necessary  to 
prevent  HAZ  cracking.  Nine  months  exposure  of  these  bent  beam  specimens 
exposed  submerged  in  sea  water  aud  In  the  marine  atmosphere  has  shown  no 
failures  to  date.  These  specimens  are  being  retained  in  test  for  rurtner 
substantiation  of  these  results. 

Repair  welding  of  this  alloy  presented  some  difficulties. 
Cracking  during  root  pass  welding  was  minimized  but  not  completely  elimin¬ 
ated  by  making  a  large  percentage  filler  metal  to  base  metal  weld  deposit 
in  the  root  pass.  Excessive  warpage  was  reduced  by  alternate  welding  on 
the  front  and  back  side  of  the  plate  using  the  procedure  shown  in  trial  3 
on  Table5-19  .  This  method  is  recommended  for  use  when  it  is  possible  to 
weld  on  both  sides  of  the  casting  or  in  shallow  (£”  deep)  areas.  Other¬ 
wise,  &  stress  relief  after  welding  would  be  desirable  to  minimize  residual 
stress**,;. 


4.6.3  CORROSION  FATIGUE 

Initial  screening  tests  were  conducted  on  unnotched,  unwelded 
specimens  fabricated  from  both  CD4-M  Cu  and  17-4PH  cast  materials  to  obtain 
corrosion-fatigue  data  for  comparison  with  earlier  work  done  during  the 
Phase  II  effort  on  this  program,  reference  2  The  specimens  were 
tested  in  sea  water  under  reversed  bending  conditions  (rotating  cantilever 
beam)  t'-'  establish  the  approximate  fatigue  strength  of  107  cycles.  The 
results  f  these  tests  are  presented  in  table4-ll  .  The  tentative  fatigue 
strengths  obtained  from  these  teats  were  22,500  pal  and  35,000  psi  respec¬ 
tively  for  the  CD4-M  Cu  and  17-4PW  cast  materials.  The  data  contained 
in  reference  2,  were  extrapolated  to  furni.-r.  a  basis  for  comparison 
with  these  results.  This  extrapolation  indicated  that  the  fatigue  strengths 
for  unprotected  HY-130  and  17-4PH  plate  would  be  approximately  22,500  pel 
and  36,500  pai  respectively.  It  can  thus  be  seen  that  the  two  casting  alloys 
demonstrated  fatigue  lives  which  were  comparable  to  those  established  for 
similar  wrought  materiels  during  earlier  work  on  this  program. 

As  discussed  previously,  the  CD4-M  Cu  cast  material  proved  to 
be  especially  susceptible  to  stress -corrosion  cracking  in  the  welded  condi¬ 
tion  ao  that  further  evaluation  work  was  dropped.  Additional  fatigue  test¬ 
ing  was  done,  however,  or»  the  cast  17-4PH  materials  in  the  welded  condition. 
Blanks  were  welded  at  LTV  and  shipped  to  Harbor  Island  for  machining  and 
testing  in  sea  water.  A  total  of  four  rotating  beam  specimens  were  fabri¬ 
cated  and  tested.  The  results  of  these  tests  are  shown  in  Table  4-l2and  a 
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tentative  S-N  curve  i*  shown  in  Figure  4.l6  .  Since  theae  teata  were 
conducted  under  different  types  of  loading  and  atreaa  ratios  than  those 
reported  earlier  In  Table  4-3,  (R=  -1.0  va  R*  +0.10  and  rotating  bending 
vs  axial  loading),  It  was  necessary  to  convert  the  data  for  purposes  of 
comparison.  The  projected  behavior  of  this  material  under  axial  loading 
conditions  and  a  stress  ratio  of  0.10  is  shown  In  Figure  4.l6  as  a  scatter 
band  which  brackets  the  expected  range  of  behavior.  This  was  done  to 
account  for  the  limited  amount  of  data  to  form  a  base  for  the  conversion 
and,  in  addition,  to  compensate  for  possible  differences  In  effect  between 
bending  stresses  and  axial  stresses.  Also  shown  In  Figure  4.16  Is  the 
reference  curve  for  HY-130  steel  as  reported  in  Figure  4.09.  Inspection  of 
this  figure  will  show  that  the  anticipated  fatigue  life  for  the  17-4PH 
steel  casting  is  at  least  one  order  of  magnitude  higher  than  that  shown 
for  the  uncoated  HY-130  steel. 

It  may  be  concluded  from  the  data  reported  herein  that,  from 
the  standpoint  of  fatigue  behavior  only,  the  unprotected  CD4-M  Cu  castings 
will  be  at  least  as  good  as  the  unprotected  HY-130  steel  plate  and  that 
the  17-4PH  is  decidedly  superior  on  the  same  basis.  It  should  be  noted 
that  both  the  CD4-M  Cu  and  the  HY-130  will  probably  show  significant  losses 
in  fatigue  strength  if  tested  over  a  longer  period  of  time  when  the  effects 
of  corrosion  will  be  more  pronounced.  It  is  thus  considered  mandatory  that 
these  materials  be  supplied  with  a  protective  coating  to  insure  fatigue 
life  under  the  environment  encountered  by  a  hydrofoil  vehicle.  Although 
the  fatigue  life  of  the  unprotected  17-4PH  casting  is  not  fully  substan¬ 
tiated,  it  is  considered  a  feasible  material  for  use  in  castings  for  test 
vehicle  foils. 
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4.7.1  COATING  OPTIMIZATION 

Preliminary  work  in  this  program  and  vork  by  NASL, 
reference  5>  indicate  that  where  cavitation  of  significant  intensity 
is  present,  hard,  resinous  coatings  are  not  adequate  and  elastomeric 
coatings  are  required.  Impingement  of  water  at  a  forty-five  degree 
angle  and  a  ninety  knot  velocity,  however,  shewed  the  harder,  resinous 
coatings  vlthcut  resilience  to  be  superior.  TVo  approaches  to  obtain 
a  coating  system  to  withstand  both  of  these  effects  vere  considered. 

One  approach  was  to  Increase  the  thickness  of  the  better  cavitation 
resistant  elastomeric  coatings  to  permit  greater  energy  absorption 
without  cohesive  rupture  by  distributing  the  stress  across  a  greater 
number  of  molecular  bonds  The  second  approach,  not  explored  In  this 
program,  was  to  seek  an  intermediate  group  of  properties,  l.e.  hardness, 
resilience,  and  elongation  between  the  resin  coatings  which  are  resistant 
to  the  jet  Impingement  and  the  elastomers  which  are  resistant  to  cavi- 
talon.  It  was  hoped  that  both  effects  could  be  overcane  in  a  coating  of 
20  mil  thickness.  This  approach,  explored  in  the  Hydrofoil  Coatings 
Program,  reference  lo,  has  not  proved  fruitful.  This  indicates  that 
coating  systems  for  hydrofoil  craft,  like  coatings  for  aircraft  should 
be  designed  for  a  specific  hydrofoil  craft  and  for  specific  areas  of 
the  foil.  This  approach  will  allow  the  full  advantage  of  a  variety  of 
available  coating  properties  to  meet  specific  levels  of  cavitation, 
erosion,  maximvn  velocity  and  submergence  times. 

Excellent  adhesion  is  always  a  primary  requirement.  If  the 
coating  system  will  not  remain  firmly  adhered  during  high  performance 
flights  after  long  immersions  or  exposure  to  sunlight  and  the  tempera¬ 
ture  cycling  of  weather  extremes,  the  system  cannot  perform  its 
protective  function.  This  can  be  seen  by  the  adhesion  failures  indicated 
in  the  impingement  and  static  corrosion  test  results  shewn  in  Figured 
4.17  and  4,l8  and  Figures  2.8  and  2.9,  Appendix  A.  Steel  surfaces  were 
found  to  be  best  prepared  by  grit  blasting  to  bright  metal  in  order  to 
increase  the  available  surface  area  to  promote  adhesion.  In  addition, 
selection  of  the  primer  coat,  which  is  primarily  responsible  for 
adhesion  and  corrosion  protection,  is  of  extreme  importance.  The  results 
of  static  immersion  tests,  Table  4-13,  *nd  tea  water  impingement  tests, 
Thble  4-l4,  indicate  that  Coast  Pro-Seal  777P,  Bostik  1007  and  possibly 
other  previously  evaluated  primers  are  moisture  sensitive  and  thus 
unsuitable  for  use  in  severe  marine  environments.  More  work  is  needed 
in  this  area.  A  variation  in  results  for  coatings  over  a  flame  sprayed 
aluninum  metal  has  been  experienced.  This  area  will  require  further  vork 
to  determine  what  factors  are  causing  the  variations. 

The  succeeding  layers  of  coating  alee  play  an  important  role 
because  of  their  ability  to  limit  the  amount  of  water  or  ion  permeation 
to  the  metal-primer  interface.  Each  coating  has  a  specific  rate  of 
moisture  permeation  dependent  on  formulation,  method  of  application  and 
thickness,  ^hese  outer  layers  of  coating  also  play  a  large  role  in 
protection  from  cavitation  damage  as  previously  discussed. 
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High  speed  vater  impingement  is  damaging  to  many  coatings 
by  tearing  out  saall  particles.  In  much  the  same  manner  as  cavitation. 

It  has  been  shown  that  by  increasing  the  thickness  of  the  Mosltes 
60125,  bonded  In  place,  uncured  neoprene  coating  from  20  to  00  mils, 
resistance  to  both  cavitation  and  ljplngeasnt  la  obtained.  This 
coating  system  can  be  further  optimized  by  improving  the  primer  peel 
strength  which  is  shown  In  Table  4l3  to  be  reduced  considerably  after 
lawrslon.  Damage  severity  at  high  velocities  Is  a  function  of  the 
angle  of  lqplngment  as  has  been  noted  in  rain  erosion  damage  to  aircraft. 
(See  Section  4.5)  Quite  a  number  of  resins  have  shown  resistance  to 
90  knot  sea  water  for  a  period  of  thirty  days  at  an  Impingement  angle  of 
45°  In  the  Hydrofoil  Coatings  Program.  Several  elastomers  have  also 
shown  this  same  resistance.  Increasing  thickness  from  20  to  80  alls 
and  hardness  from  Shore  A  55  to  Shore  A  TO  has  ljgroved  the  performance 
of  elastomeric  coating  systems. 


4.7.2  PCQLIBO  EFFECTS  OH  0QATT9G  SYSBBC 

Fouling  which  adheres  to  the  foils  and  struts  during 
Inoperative  periods  Is  of  major  concern  for  non -retractable  foils.  For 
this  reason,  the  question  of  damage  to  an  underlying  coating  on  a 
hydrofoil  and  strut  surface  due  to  fouling  attachment  and  subsequent 
removal  during  high  speed  runs  is  pertinent.  A  test  was  conducted  to 
determine  if  fouling  attachments  could  be  removed  from  a  foil  during 
the  take-off  run.  A  low  alloy  steel  foil  model  for  the  LTV  water  wheel 
was  coated  with  0.000  Inch  on  one  semi -span  and  0.125  Inch  thicknesses 
on  the  other  semi-span  of  a  cured  In  place  Mosltes  6012 5  neoprene 
rubber.  The  foil  model  was  placed  in  a  shaded  location  in  Gulf  of 
Mexico  waters  Just  below  the  tidal  zone  for  a  two  month  exposure  during 
February  and  March.  The  model  was  transported  from  the  Gulf  to  the  test 
facility  in  a  ceramic  container  of  sea  water  and  placed  in  tcrc 
i mediately  while  it  was  75  percent  covered  with  live  barnacles.  The 
initial  test  run  was  at  45  knots,  a  3  loch  depth  and  a  negative  three 
degree  angle  of  attack.  This  angle  ( -3°)  was  chosen  to  obtain  cavity 
closure  on  the  upper  surface  of  the  foil. 

Essentially  all  of  the  fouling  was  removed  from  the  leading 
edge  after  a  series  of  runs  which  totalled  15  minutes  at  45  knots,  11 
minutes  at  55  knots  and  12  minutes  at  65  knots.  Ho  other  areas  of  the 
foil  surface  were  entirely  cleaned  by  the  above  exposures  which  are 
described  in  Table  4.-1  These  areas  probably  lid  mot  undergo  direct 
water  impingement  due  to  excessive  turbulence  and  cavitation.  The 
barnacles  that  were  removed  were  broken  so  that  the  wells  of  the  organism 
were  left  attached  to  the  rubber.  This  leads  to  the  conclusion  that  at 
these  velocities  the  barnacles  can  be  destroyed  leaving  only  a  thin 
calcareous  residue  if  a  high  angle  of  lyings  mint  is  attained.  This 
appears  to  be  a  fairly  slow  erosion  process  and  the  rate  seems  to  be 
dependent  on  a  number  of  contributing  factors  among  which  are  the 
following: 
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a.  Angle  of  watar  ispingment 

t.  Surrounding  orginl  —  prorlding  •tructurftl  support 

c.  Velocity 

d.  Exposure  tin* 


Figure  420  above  the  tma  fron  vhlch  the  bamaclee  were 
renewed.  These  ehov  up  In  the  pictures  as  black  areas  flecked  vlth  the 
white  bases  still  attached.  Bm  undamaged  organises  shown  way  be  In 
the  areas  where  a  oarlty  famed  which  protected  then  frost  erosion.  The 
results  Indicate  that  (l)  critical  leading  edges  and  other  areas  with 
high  lnplngaasnt  angle  nay  be  essentially  freed  from  organises  of  this 
type  at  velocities  In  the  range  of  45  knots  and  (2)  that  coatings  vlth 
cohesion  and  adhesion  equal  to  or  better  than  the  60125  neoprene  will 
not  be  Issaigsl  froa  fouling  removal  by  water  erosion  action. 


4.7.3  OQATUG  APPLICATION  FR0CHJCRE8 

The  coating  systeas  described  In  Figures  4.17,  4.l3,  4,19, 
4.20,  4. 21  and  Tables  4-13,  4-14,  4-15  and  4~l6  wane  applied  As  follows: 

A.  Alualna  grit  blast  all  surfaces  to  be  coated 

B.  Vapor  degrease* 

C.  Apply  3  alls  flaae  sprayed  1100  aluminum  wire* 

Dt  Vapor  degrease 

*  lot  required  for  Goodyear  23-56/M-1500  zinc  rich  epoxy 
polyaalde  sea  water  laplngemsat  specimen  or  coated  and 
foulad  water  wheel  nodal. 

I.  Nosltes  60125 

1.  Brush  apply  thin  coat  of  Mosites  60125  primer  and 
air  dry  39-60  minutes. 

2.  Brush  apply  thin  wat  of  Mosites  60125  adhesive  and 
air  dry  30-60  minutes. 

3.  Boll  on  required  thlckner  of  Noeltes  60125  calendered 
meoprene  sheet,  sealing  edges  as  required. 

4.  Cure  1  hour  in  autoclave  at  319°F.  and  90  pslg. 

F.  Boetlk  1007  Primer 

1.  Spray  apply  0.5  ail  wat  and  sir  dry  1  hour. 
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0.  Andrew  Brown  Oo.  M-1500  Zinc  Rich  Ipoxy  Folyaaide  Resin 

1.  Nix  coqponets  and  let  stand  1  hour. 

2.  Spray  apply  3  >11  coat  and  air  dry  k  hours. 

H.  Goodyear  23-56 

1.  Spray  apply  0.3  ai.1  coats  to  obtain  20  ails  dry  fila 
thickness  allowing  15  minutes  between  coats. 

2.  Cure  10  days  at  rooa  temperature. 
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4.8  CHBOCAL  COMPOSITIONS.  HEAT  TREATMENTS  AND  VENDOR 

MECHANICAL  PROPER  toss 


Thble  4.17  presents  alll  data  obtained  froa  vendors  for  thr 
Materials  that  were  used  in  this  progress.  In  addition,  the  basic 
specification  requirements  and  llaltatlons  are  Included  in  this  table 
for  reference. 


l/4  Inch  Thick  Plate  I  1  Inch  Thick  Plate 
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TABLE  4-1 


RESULTS  OP  TENSION  TESTS  ON  WELTED  AND  UNWELTED  Ti  7Al-2Cb-lTa 


Spec. 

Type 

Ftu 

Fty 

*  , 

I  Elong. 

No. 

Spec. 

ksl 

ksi 

psi  x  106 

j  ^  in  2  in 

Reeiarks 

LU-1 

Unvelded 

116.9 

105.1 

17-7 

15.1 

LU-2 

Longitudinal 

117.0 

104.4 

17.7 

12.0 

LU-3 

118.4 

104.2 

18.7 

12.3 

Avg: 

117.4 

104.5 

18.0 

13.1 

TU-1 

Ubvelded 

116.8 

103.8 

15.1 

TD-2 

Transverse 

117*9 

104.6 

12.3 

TU-3 

117.9 

105.0 

13.7 

Avg: 

117-5 

104.5 

1 

13.7 

12-1 

Welded 

122.4 

1 

18.0 

12.0 

r  (1) 

12-2 

Transverse 

118.9 

| 

17.5 

10.8 

(1) 

12-3 

121.4 

108.8 

18.0 

10.1 

(1) 

12-4 

119.8 

106.0 

17.9 

11.5 

(i) 

12-5 

120.0 

105.9 

18.0 

12.5 

ti)  j 

Avg: 

120.5 

106.6 

17.9 

11.4 

! 

1 

Unvelded 

116.4 

102.0 

17.6 

13-2 

i 

1 

Longitudinal 

115.6 

102.7 

17.5 

*•3 

i 

i 

HI 

Avg: 

llo.O 

102.3 

I'.  5 

11. c 

1 

20T-8 

Unwelded 

116.9 

103.4 

17.7 

11.5 

1 

1 

i 

20T-9 

Transverse 

117.3 

102.9 

13.0 

15.5 

I 

l 

2CT-10 

117. 9 

103.9 

1 

17.0  ; 

11.5 

i 

Avg* 

117.4 

17.8 

i 

12.8 

14T-1 

Welded 

118.6 

104.8 

17.2 

11.1 

(l) 

14T-2 

Transverse 

117.5 

105.4 

17-9 

9*  w 

(1) 

l4?-3 

11*.  4 

104.5 

17.0 

12.2 

'0 

14T-4 

117.3 

1^4.0 

17.2  - 

1  A  M 

i 

:d  , 

14T-7 

j  16  ; 

104.1 

17.1  1 

9.8 

(V  | 

AY8:  j 

117.7  !  104.6 

_ i _ 

17.3 

..  .  - - - - - .a 

1  A  T 

1C.  1 

J 

Notes: 

(1)  Specimen  failed  outside  veld  area. 

(2)  Speclaens  %*lded  as  described  in  section  3 . 3  •  ~  • 


l/k  Inch  Thick  Plate  I  1  Inch  Thicy  Plate 
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l/4  Inch  Thick  Plate 
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LTV  VOUGHT  AEROftAOTTCS  DILTSIOR 
TABLE  4-2  ( CONCLUDED ) 


Spe*'. 

No. 

Type 

Spec. 

*tu 

ksl 

E 

psi  x  106 

Elong 
^  ir.  2  in 

Remarks 

15SW-9 

Welded 

13^.1 

122.8 

28.6 

8.3 

(2) 

15SW-10 

Transverse 

135.1 

124.4 

28.0 

9.0 

(?) 

15SW-1I 

(5) 

135.6 

C*.l 

28.6 

9.3 

(2) 

15SW-7 

134.4 

1?3.9 

28.0 

10.7 

(*/ 

15SW-8 

136.6 

126.4 

29.2 

9.6 

(2) 

Av  s . 

135.2 

124.3 

28.5 

9.4 

Notes: 

(1)  Hand  welded  specimen  blanks. 

(2)  Failed  away  from  weld. 

(3)  Weld  contained  ilaws  (cracks). 

(4)  As  received  "high  strength"  material 

(5)  Redrawn  to  lower  strength  levels. 

(6)  Specimens  welded  as  described  In  section  5.3»1* 


s  upplei- E:r: *v -"Y  veld  st'.edtth  fata 

(Ref.  Section  c. 3 • 1 ) 

1  inch  thick  KY-130  welded  vitl  Linde  1  A  wire 


No 

Ftu 

Ksi 

F*  ty 
Ksi 

Elong 

A  in  2  in 

T' -  '•'  *  » 

!  Remarks  j 

-  - - - - -  -  i 

n  to  "',w  'ouler/lr 

1 

l4t'.7 

l4c.r 

r‘  ~ 

2 

144.4 

14p.3 

1. 

J  *  * 

0  i 

|  200  1'  irterpass  temperelnre  | 

Notes : 

1)  l/2  inch  rerun!  by  2  inch  vr.ge  length  pecimer.r,. 

2)  All  speciae.-s  failed  ir.  veld. 
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TABLE  4-3 

HI- 130  CORROSION  FATIGUE  TEST  RESULTS 


Axial  Loading  R  «  0.10 


Spec. 

No. 

f  max 

Cycles 

Remarks 

SF-1 

7,000 

Slight  porosity  in  veld. 

SF-2 

U 

67,000 

Slight  porosity  in  weld. 

SF-3 

1 

382,000 

Normal. 

SF-4 

62,00" 

49,000 

Normal. 

SF-T 

75#ooo 

32,000 

Normal. 

SF-5 

25,000 

10,335,000 

No  failure. 

62,000 

52,000 

Normal. 

sf-8 

32,000 

376,000 

Normal. 

SF-9 

75,000 

261,000 

Large  void  in  weld. 

SF-10 

45,000 

408,000 

Normal. 

SF-11 

45,000 

307,000 

Normal. 

SF-12 

32,000 

405,000 

Slight  porosity  in  weld 

SF-1 3 

32,000 

3,120,000 

Failed  Away  from  weld. 

Notea: 

(1)  All  specimens  soaked  in  salt  water  seven  days  prior  to  test. 

(2)  Specimens  welded  as  described  In  Section  5«3» 
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Ti  TAl-CCb-lTa  CORROSION  FATIGUE  TEST  RESULTS 


Axial  Loading  R  ■  0,3.0 


Spec. 

No. 

f  max 

Cycles 

Remarks 

Tll-1 

45,000 

100,000 

Failed  away  from  weld. 

Til -2 

38,000 

45,000 

Slight  porosity  in  weld. 

Til- 3 

38,000 

9,774,000 

Normal. 

Tll-4 

41,000 

350,000 

Normal.  . 

Til- 5 

41,000 

59,000 

Normal. 

Tll-6 

45,000 

218,000 

Normal. 

T13-1 

52,000 

78,000 

Normal. 

T13-2 

52,000 

52,000 

Normal. 

T13-3 

38,000 

429,000 

Normal. 

T13-5 

45,000 

302,000 

formal. 

T13-6 

52,000 

33,000 

Normal 

T13-7 

38,000 

990,000 

Slight  porosity  in  weld. 

Tl  3-4 

41,000 

7,834,000 

Failed  away  from  weld. 

Note : 

(l)  Specimens  welded  as  described  in  Section  5*3 
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TABU!  4-5 


RBSIJLTS  OF  IMERMTHENT  CORROSION  -  CORROSION  FAT T OLE  TESTS 

(COATED  HY-130  STEEL) 


Spec. 

No. 

Immersion 

Period 

No.  of 
Immersions 

Immersion 

Time-Total 

Cycles  to 
Failure 

Remarks 

1 

1  mo. 

1 

1  mo. 

200,000 

(i)(  3) 

2 

1  mo. 

3 

3  mo. 

73^,000 

(2) 

3 

1  mo. 

3 

3  mo. 

903,000 

(2) 

4 

2  mo. 

2 

4  mo. 

614,000 

(2)(3) 

5 

2  mo. 

3 

6  mo. 

806,000 

(2) 

6 

2  mo. 

3 

6  mo. 

2,320,000 

L  (?) 

Notes: 

(1)  Indications  of  pre-test  damage  to  specimen. 

(2)  Inspection  Indicates  normal  fatigue  failure  with  no  evidence  of 
corrosion. 

(3)  Specimen  failed  prior  to  attaining  desired  total  immersion  time. 
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TABLE  4-7 

NRL  DROP  WRIGHT  TEAR  TEST  DATA 
TEST  TEMPERATURE  »  32°  F 


Ti  ,Al-2Cb-lTa 
(Heat  Ho.  291479) 

Condition 

Energy 
(Ft.  Lbs.) 

Unwelded 

Long. 

2114 

WR 

2294 

Welded 

1 

2,80 

2 

2900 

3 

2900 

Ti  6A1-4V 

Condition 

Energy 
(Ft.  Lbe.) 

Unwelded 

Long 

1 

900 

2 

1000 

3 

500* 

WR 

1 

660 

Welded 

1 

3096 

2 

1840 

3 

4640 

*  Ho  Failure 
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TABUS  4-8 

Ti  6A1-4V  CHARPY  V  NOTCH  TESTS 


DQEALUIG 

CEMP  f>F*) 

FRACTURE 

ENERGY 

(IT.  128.  »32°F) 

^Y 

(kbi) 

PTu 

(kbi) 

0 

1725 

22,23 

132.2 

140.8 

1750 

23,22 

137.4 

140.2 

1775 

23,22 

131.8 

140.5 

1800 

21,22 

130.4 

141.5 

1825 

24,  23 

133.8 

121.4 

1850 

19,19 

134.0 

Ikl.k 

1750** 

30,29 

105.8 

126.0 

1825** 

24,19 

106.1 

127.9 

*  Reheat  treatment  by  L-T-V 


**  8ample  of  Ti  6A1-4V  (ELI)  from  Harvey  Aluminum,  Inc. 


Composition  Ot) 

Mechanical  Properties 

Oxygen  .06 

Nitrogen  .  06 

Carbon  .025 

Iron  .11 

A1  6.20 

V  4.12 

Ti  R 

ITr  (KSI)  .2i  112.8 

FTri  (KSI)  126.0 

■long,  (^t)  Ik 

Red.  Area  (£)  36 
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TABLE  4-10 

STATIC  CORROSION  DATA  CD  4  MCU  (CAST) 
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TABLE  4-11 

RESULTS  OP  CORROSION  FATIGUE  SCREENING 

TESTS  ON  CAST  CD4-MCu  end  17-4PH  ALLOTS 

Rotating  Cantilever  Beam,  R=  -1.0 
Unwelded,  -  1.0 


warn 

km 

WSSsSBm 

Re  narks 

GD4-MCU 

499ANO 2 

15.0 

12.281 

No  Failure 

CD4-HCU 

499AN03 

20.0 

12.065 

No  Failure 

CD4-MCu 

499AN04 

22.5 

10.090 

No  Failure 

17-4FK 

048AV01 

25.0 

11.858 

No  Failure 

17-4PH 

048AV02 

35-0 

13.785 

No  Failure 

17-4FH 

048AV04 

40.0 

1.524 

17-4PH 

048AV03 

45.0 

.740 
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TABLE  4-1? 

RESULTS  OF  CORROSION  FATIGUE  TESTS  ON 

FUSION  WELDED  CAST  17-4PH  STEEL 

Rotating  Beam,  R  -l."1 
Kt  -  1. .> 


Max.  Stress 
k6i 

Cycles  to 
Failures  x  10e 

Remarks 

35-^ 

0.2^2 

30.0 

'•.368 

25.0 

18.358 

No  Failure 

2S.'' 

18. 24c. 

N t  Failure 

SEA  WATER  D#CERSION  DATA  FOR  80  MIL  MOSITES  60125  AMD  20  MIL  GOODYEAR  23-56  NEOPRENE  COATINGS 
APPLIED  OVER  3  MILS  FLAME  SPRAYED  HOC  ALUMINUM.  OM  UNWELDED  HY  130  (l) 
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TAjlIE  4-15 

PHYSICAL  AND  MECHANICAL  PROPERTIES 
OF  CURED  MOSITES  (0125  CALENDERED 
NEOPRENE  SHEET  (l) 


PROPERTY 


RESULTS 


Tensile 

Strength  (PSl) 


Ultimate 
Elongation  {%) 


3380 


450 


Hardness 
(Shore  A) 


Tear 


if 


43. 


Streng  th 
(PL1)  (2) 

90°  Peel  Strength 

Spec.  1  -  16 

As  Received  (LB/lN) 

Spec .  2  -  2) 

(3)  (4) 

90°  Peel  Strength 

Spec .1-10 

After  10  Days  In 

Spe:.  2  -  11 

Fresh  Water  ©  f'4°  F 

(LB/IN)  (3)  (4) 

(1)  60125  neoprene  cured  per  page  4.23-.  Tee^e  performed  Ly  NA8L. 

(2)  Per  AS1M  D-U70-56T 

(3)  60125  neoprene  applied  per  page  4.23. 

(4)  Per  FTHS  601,  Method  8031. 


RESULTS  OF  WATER  WHEEL  FOULIHG  REMOVAL  TEST  OR  80  AHD  125 
MIL  MDSITES  60125  COATED  FOIL  MODEL  (l) 


V.20  shoring  foil  model  after  test  completion. 


CH9TICAI.  COMPOSITIONS,  HEAT  1TIEATXDITB  AJCD  VENDOR  MECHANICAL,  PROPERTIES 


FIGURE.  4.0 
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FIGURE.  401 

STRENGTH  VS  TEMPERIUQ  TIME. 
HY-ISO  T-1090°F 
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Ti  -  7AU-  2  Cfa  -  i  To_ 


! 


2  A  e  S  IO 

1 

STRAJNl-  ^AwMO* 


I 


P#p»rr*  r  - 
4  * 


■TV  VnoOHT  AERORAUTT'-'o  DIVISI;  R 


4 - 


-5>rt^Ajkj  c 


* 


V  /OUGHT  AERONAUTICS  DIVISION 


Report  3IOO/5P-P179 

Page  k.k8 


LTV  VOUGHT  AERONAUTICS  DIVISION 


Pepoi-t  2-r,31O0/r,P-?m 

Page  U.U9 


FIGURE  4  Q<m 
^>TAv&iL-iTY  curves 
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FIGURE  ^.13  Ti-7Al-2Cb-  1T&  1/2  Inch  thick,  5  lncn  diaaeter  circular 
patch  restrained  veld  specimen.  Stress  corrosion  cracking  occurred 
after  153  days  In  80'  lot  at  Inco  Harbor  Island  (Kura  Beach) 
Corrosion  Laboratory. 
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figure  <U9  20  mils  Goodyear  23 -1?'  Neoprene  over  3  alls  flee*  »K«ye4 
HOOalumiaua  (Top)  and  An i rev -?rovn  Oo.  H-1500  21  sc  Rich  %OOQr  - 
Polyamide  Pri»~?~  (Pottoc)  on  HV130  after  27  hours  tnomre  to  90  boot 
See  Water  Inpiagement  at  ^5°  angle. 
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•prayed  1100  aUsninua  on  LiAi.  L0?0  steel  dine.  See  Page  ^.?3  for  Coating  Application 
procedure  an  1  TtobLe  4-15  for  Mechanical  Properties.  Coating  thicknesses  as 
lndlon*ed.  Test  Liquid:  Frenh  water.  flew  Rate:  11.9  GFM.  Inlet  Temperature: 
Y5*F.  Ou’  let  TVapera.ure:  Hj'F.  Pressure:  15  PSIG.  Test  Time:  14  hours. 

Shaft  3pee-i  :  \2TO  RPM. 
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5.0  FABRlCABUm  DATA  AND  DISCUSSION 


5.1  MACHHIABILITY 

Comparative  machining  tests  were  conducted  for  Ti  7Al-2Cb~lTa 
titanium  and  HY-130  ik«l.  These  smteriale  had  the  following  mechanical 
properties: 


H7-130 

Ti  7Al-2Cb-lTn 

St?el 

Titanium 

Tensile  strength,  pel 

15^500 

'ill, 000 

0.2%  yield  strength,  psi 

141,900 

101,000 

Elongation  (2")  % 

8 

11.5 

Machining  tests  were  conducted  for  the  drilling,  peripheral  end  milling, 
end  mill  alottlng  and  face  milling  of  these  materials.  ITie  procedure  used 
and  the  results  obtained  for  each  of  these  machining  operations  will  be 
discussed  separately  in  this  section. 


5.1.1  DRILLER 

Both  Hy-IJO  «teel  and  Ti  7Al-2Cb-lTa  titanium  are  moderately 
difficult  to  driU .  While  no  unusual  difficulties  were  encountered  in  this 
evaluation,  cutting  speeds  suet  be  kept  low  in  order  to  drill  these  materials 
successfully.  These  materials  have  the  same  machining  index  when  drilled 
at  a  cutting  speed  of  45  surface  feet  per  minute. 

Standard,  NAS  907,  type  "B"  high  speed  steel  drills,  5/l6-inch 
in  diameter  were  used  in  these  tests.  Drill  specimens  were  prepared  from 
l/2  inch  thick  plate,  and  tests  were  cooducted  on  &  positive  feed  drill 
press.  Drill  life  was  determined  for  aeveral  cutting  speeds  while  holding 
feedrates  constant  at  0.006- inch/ re volution.  Dr 11 1  life  was  considered 
ended  when  the  flanks  or  corners  of  the  drills  had  worn  0 ,015-inch. 

Cutting  Tool  Material  -  Ordinary  M-2,  high  speed  ste*l  proved 
adequate  for  drilling  these  mete rials;  therefore,  better  materials  were  not 
evaluated. 


Cutting  Tool  Geometry  -  mil  point  geometry  tests  were  con¬ 
ducted  for  lET-lp  steel,  and  the  results  are  shown  in  figure  5*01. 
Although  the  108°  point  angle  drills  were  superior  to  all  other  point 
angles  investigated,  the  gains  over  the  11&°  point  angle  drill  (which  is 
a  standard  "off  the  shelf"  drill;  v*re  not  sufficiently  high  to  Justify 
its  use.  Consequently  the  llfir  point  angle  drill  was  selected  for  use 
in  further  studies.  Sinoe  previous  drill  geometry  teste  conducted  on 
titanium  alloys  other  than  the  Ti-7Al-2Cb-lT*  yielded  results  which 
were  nearly  lndentlcal  to  those  observed  for  the  177-130  steel,  the  110° 
point  angle  drill  was  else  selected  for  further  work  with  Ti-7Al-2Cb-lTa. 
In  addition,  all  drills  were  ground  with  split  points  as  shown  in  figure 
5.02 
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Feeds  and  Depth  of  Cut  -  Due  to  the  nature  of  this  investigation, 
feed  rate  anddeni’n  o?  cut  were  not  varied.  A  feed  rate  of  0.006-inch  per 
revolution  was  held  constant,  and  all  holes  drilled  were  0.5-inch  through 
holes. 


Cutting  Fluids  -  A  heavy  sulphur-base  cutting  oil  was  used  for 
these  tests  and  good  results  were  achieved. 

Cutting  Speeds  and  Tool  Life  -  Taylor  tool  life  curves  were 
plotted  for  HY-ijJO  steel  and  Ti  7Al-2C^b-lTa  titanium  as  shown  in  figure  5.03 
Data  were  obtained  for  these  curves  by  varying  the  speed  of  each  drill  and 
noting  drill  life  while  holding  all  other  variables  constant.  The  cutting 
speed  which  will  produce  a  desired  drill  life  can  be  predicted  from  this 
graph. 


During  this  study,  it  was  found  that  stubby,  sharp  drills  and 
rigid  set-ups  were  very  beneficial  when  drilling  both  HY-130  steel  and 
Ti  7Al-2Cb»lT&  titanium.  Other  recommendations  for  drilling  these  materials 
are  the  same  for  both  alloys  and  are  given  as  follows: 


Cutting  Speed: 
Feed: 

•''utting  Fluid: 
Drill  Material: 
brill  v-eo oetry: 


30  to  40  surface  feet/minute 

0 . 006- inch/ revoluti on 

Heavy  sulphur-base  oil 

M-2  high  speed  steel 

118°  split  point,  NAS  907,  Type  "B" 


5.1.2  aSRIPHERAI  END  MILLING 

When  peripheral  \,side  cutting)  end  milling,  it  is  easier  to 
machine  Ti  7Al“2Cb-lTa  titanium  than  HY-130.  The  Ti  7Al-2Cb-lTa  titanium 
was  also  found  to  be  easier  to  machine  than  other  titanium  alloys  previously 
machined  at  LTV.  When  compared  with  HY-130  steel,  Ti  7Al-2Cb-.lTe  titanium 
has  a  peripheral  end  milling  machinability  index  of  187$. 

Standard,  HSS  (high-speed  steel),  4-flute  end  mills,  l/2  and 
3/4-inch  in  diameter  were  used.  One-inch  Ti  7Al-2Cb-lTa  titanium  and  HY-130 
plate* we re  used  for  test  evaluation .  Cutting  speeds  were  varied  for  each 
test,  while  a  feed  rate  of  0.0022- Inch/tooth  and  a  depth  of  cut  of  0. 100- 
inch  were  held  constant.  Tool  life  was  considered  ended  vhen  the  flanks 
of  the  cutters  had  worn  0.010  inch,  as  the  primary  clearance  surface  or  margin 
on  the  cutters  was  only  0.012-inch  wide.  Wear land  values  were  measured  with 
a  Bauscb  and  Lomb  microscope  and  tool  life  was  measured  by  means  of  a  stop 
watch.  Cutting  fluid  composed  of  Gulf  45B  and  11D,  mixed  1:1,  was  used 
throughout  the  t.st  program. 


Testing  parameters  are  given  below: 
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Cutting  Tool  Material  -  Ordinary  high  speed  steel  (probably  M-2 
or  equl ralent )  proved  to  be  satisfactory  for  cutting  Ti  7Al-2Cb-lTa  titanium 
and  H7-130  steel;  therefore,  better  materials  were  not  evaluated. 

Cutting  Tool  Geometry  -  This  factor  mas  not  Investigated; 
however,  standard  enJ  mills  Saving  a  30  helix  angle  and  10°  radial  5Sf0i 
angle  were  pre-selected  for  this  study.  Such  a  tool  geometry  has  a  21  18 
effective  rake  angle,  whereas  a  45°  helix  angle  and  10  radial  rake  angle 
tool  has  a  3«  11'  effective  rake  angle.  Based  upon  the  best  Information 
available,  the  latter  tool  geometry  would  be  too  "high  shear"  in  this  case. 

Feeds  and  Depths  of  Cut  -  IXae  to  the  nature  of  this  investigation, 
these  parameters  were  not  varied.  A  feed  rate  of  0.002  inch/ tooth  and  0.100 
inch  depth  of  cut  were  held  constant.  Based  on  past  experience,  heavier 
cuts  can  be  made  in  titanium  than  steel. 

Cutting  fluids  -  Titanium  has  a  low  thermal  conductivity; 
therefore,  a  good  coolant  and  anti-weld  cutting  fluid  Is  needed  when  machin¬ 
ing  this  material.  A  cutting  fluid  consisting  of  one  part  Gulf  45B  (heavy 
sulfur  base  oil)  and  one  part  Gulf  11D  (mineral-lard  oil)  was  used  in  this 
study,  and  creditable  results  were  achieved  for  both  T1  7Al-2Cb-lTa  titanium 
and  HI- 130  steel. 

Tool  Life  -  A  tool  life  curve  was  plotted  for  Ti  7Al-2Cb-lTa 
titanium  and  HY-130  steel  as  shown  In  figure  5.04  •  Data  for  this  curve 
were  obtained  by  varying  cutting  speed  for  each  tool  and  noting  tool  life 
while  holding  all  other  variables  constant.  The  cutting  speed  required  to 
yield  a  desired  tool  life  can  be  predicted  from  this  graph. 

Moat  Economical  Cutting  Speed  -  The  cutting  speed  which  will 
yield  the  greatest  economies  can  fee  calculated  from  the  following  equation 
and  figure  5.04: 

T  "  ("n  “  1)  +  TCT) 

T  *  Most  economical  tool  life. 

n  ■  Slope  of  "cutting  speed  versus  tool  life"  curve. 

t  *  Total  cost  of  cutter;  includes  costs  of  regrinding  cutting 
edges,  tool  depreciation  and  tool  changing. 

M  ■  Machine,  labor,  and  overhead  rate  ($/min.) 

TCT  *  Tool  changing  time  (minutes). 

While  actual  costs  have  not  been  determined  for  the  above 

Crameters,  a  reasonable  estimate  can  be  made.  Standard,  3/4-inch  Harnett  , 
flute,  end  mills  cost  $4.05*  Assuming  that  each  tool  can  be  reconditioned 
six  times  at  20  minutes  per  tool,  "t"  will  be  equal  to  $1.44.  Upon  measuring 
the  slope  of  the  cur/e  shown  in  figure  5.04  ,  "n"  is  found  to  be  equal  to 
0.17.  Based  on  a  previous  study,  "M"  was  found  to  be  $0.17,  and  "TCT"  is 
estimated  to  be  5  minutes.  Upon  substituting  these  data  into  the  above 
equation,  the  most  economical  tool  life  for  Ti  7Al-2Cb-lTa  titanium  is  found 
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to  b#  66  minutes.  From  figure  5.04  ,  the  cutting  speed  which  will  yield 
such  a  tool  life  is  found  to  be  117  surface  feet  per  minute,  and  this  is 
the  estimated  "most  economical  cutting  speed." 

The  most  economical  tool  life  for  HY-130  steel  is  found  to  be 
20  minutes,  and  from  figure  5*04,  the  cutting  speed  which  will  yield  such 
a  tool  life  is  found  to  be  100  surface  feet  per  minute,  which  is  the  esti¬ 
mated  "most  economical  cutting  speed." 

Recommendations  for  peripheral  end  milling  of  Ti  7Al-2Cb-lTa 
titanium  and  HY-130  steel  are  given  below: 

Ti  ?Al-2Cb-lTa  HY-130 
Titanium'  Steel 


Cutting  Tool 

Putman  hi- 

-speed,  4-flu 

Tool  Geometry 

end  mill  < 

ar  equivalent 

Helix 

30° 

30° 

Radial  Rake 

10° 

5° 

Clearance 

10° 

-0 

') 

Cutting  Speed  (feet/minutes) 

116 

no 

Feed  (inch/ tooth) 

0.0022 

0.0022 

Depth  of  Cut  (inch) 

0.100 

0.100 

5-1.3  HN1)  MILL  SLOTTING 

HY-130  steel  is  easier  to  slot  with  end  mills  than  Ti  7Al-2Cb-lTa 
titanium.  For  this  type  of  milling,  the  Ti  7Al-2Cb-lTa  titanium  machines 
somewhat  like  sxeel  heat  treated  to  180,000  psi.  When  compared  with  HY-130 
steel,  Ti  7Al-2Cb-lTa  titanium  has  an  end  mill  slotting  machinability  index 
of  88*. 


Machining  cuts  0.250  inch  deep  by  id  Inches  long  were  made 
progressively  with  3/4-iaeh  diameter  end  mills  in  an  edge  of  a  one-inch 
thick  plate  held  vertically  in  a  table  vice.  When  a  depth  of  1-3/4  inches 
was  achieved,  the  end  mills  bottomed  out,  thus  the  slots  were  machined 
away  so  that  tests  could  be  continued.  Standard,  hi -speed  steel  4 -flute 
end  mills  were  used.  Cutting  speeds  were  varied  for  each  test  while  a 
feed  rate  of  0.0022  Inch/tooth  and  a  depth  of  cut  of  0.250  were  held 
constant.  In  addition,  s  copious  flow  of  cutting  fluid  was  used  through¬ 
out  the  test  program.  Tool  life  was  considered  ended  when  the  flanks 
of  the  cutters  had  worn  0,010  inch.  Wear land  values  were  measured  with 
a  Rausch  and  Lomb  microscope,  and  tool  life  was  measured  by  means  of  a 
stop  watch. 


******* 


r 
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Testing  parameters  are  given  below: 

Cutting  Tool  Material  -  Ordinary  high  speed  steel  (probably 
M-2  or  equivalent}  proved  to  W  adequate  for  cutting  Ti  7Al-2Ct-lTa  titanlvai 
and  HI-130  steel  in  these  tests;  therefore,  better  Materials  were  not 
evaluated. 

Cutting  Tool  Geometry  -  This  factor  was  not  evaluated.  The  same 
tool  geometry  used  for  the  peripheral  end  milling  tests  with  these  materials 
mas  used  in  this  study.  This  geoaetry  consists  of  a  30  degree  helix  angle, 
10  degree  radial  re he  angle,  and  10  degree  clearance  angle  for 
Ti  7Al-2Cb-lTa  titanium,  and  a  7  degree  clearance  angle  for  milling  HI-130 
steel. 


f 


l 


Feeds  and  Depths  of  Cut  -  Due  to  the  nature  of  this  investigation, 
these  parameters  mere  not  varied.  A  feed  rate  of  0. 0022-inch  per  tooth 
and  0.250-inch  depth  of  cut  mere  held  constant. 


Cutting  Fluids  -  Titanium  has  a  low  thermal  conductivity; 
therefore,  a  good  coolant  and  anti-meld  cutting  fluid  is  needed  mhen 
machining  this  material.  A  cutting  fluid  consisting  of  one  part  Gulf  V5B 
(heavy  sulfur  base  oil)  and  one  part  Gulf  11D  (mineral-laid  oil)  mas  used 
in  this  study,  and  creditable  results  mere  achieved  for  both  Ti  7Al-2Cb-lTa 
titanium  and  HY-I30  steel  - 

Tool  Life  and  Cutting  Speed  -  A  tool  life  curve  mas  plotted  for 
Ti-7Al-2Cb-lTa  titanium  and  HY-1§0  steel  as  shown  in  figure  5.05  •  Data  for 
this  curve  mere  obtained  by  varying  the  cutting  speed  for  each  tool  and 
noting  tool  life  mhile  holding  all  other  variables  constant.  The  cutting 
speed  required  to  yield  a  desired  tool  life  can  be  predicted  from  this  graph. 


Most  SconoEdcal  Cutting  Spec**  -  The  cutting  speed  which  mill 
yield  the  greatest  economics  can  W  pelleted  from  figure  j.o?40*1  "the 
following  equation: 

T  -  (]j  -  1)  (|  +  TCT) 

mher®  T  *  Most  economical  tool  life 

n  -  Slope  of  "cutting  speed- tool  life"  curve 
t  «  Total  cost  of  cutter;  includes  cost  of  re grinding  cutting 
edges,  tool  depreciation  and  tool  changing 
M  -  Machine,  labor,  and  overhead  rate  ($/mlnute) 

TC7  -  Tool  changing  time 

Upon  substituting  calculated  and  measured  data  Into  the  above 
equation,  the  most  economical  tool  life  is  found  to  be  99  minutes  for  end 
mill  slatting  at  Ti  7Al~2Cb-lTa  titanium.  From  figure  5.05 ,  the  cutting 
speed  ifhleh  mill  yield  such  a  tool  life  is  not  clearly  evident.  As  can  be 
seen,  the  slope  of  the  tool  life  curve  changes  at  some  point  beyond  a  tool 
life  of  60  minutes  or  a  cutting  speed  of  64  feet/minute.  As  a  result,  a 
reduction  in  cutting  speed  below  64  feet/minute  may  not  Increase  tool  life 
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significantly,  Such  a  possibility  would  he  characteristic  of  tltanius; 
and  for  these  reasons,  a  most  economical  cutting  speed  nay  not  he  detemln- 
able  by  this  method  for  the  end  mill  slotting  of  Ti  7Al-2Cb-lTa  titanium. 

Upon  extrapolating  the  basic  curve  shown  In  figure  5.05,  It  can  be  observed 
that  a  cutting  speed  of  58  feet/minute  eight  yield  a  tool  life  of  99  minutes. 
In  either  event,  a  cutting  speed  of  58  feet/minute  will  yield  a  good  tool 
life  and  Is  considered  the  "most  economical  cutting  speed." 

For  end  nlll  slotting  of  HI-130,  the  most  economical  tool  life 
is  found  to  be  35  minutes.  From  figure  5,05,  the  cutting  speed  which  will 
yield  such  a  tool  life  la  Observed  to  be  84  feet/minute,  and  Is  the  estimated 
"most  economical  cutting  speed." 

Recommendations  for  end  mill  slotting  of  Ti  7Al-2Cb-lTa  titanium 
and  HT-130  steel  are  given  below: 


Ti  7Al-2Cb-lTa 
Titanium 

HI-130 

Steel 

Cutting  Tool 

Putman,  hi -speed  steel, 
4- flute,  end  mill  or 
equivalent. 

Tool  Oeosmtry 

Helix 

30° 

30° 

Radial  Rake 

0 

0 

H 

0 

0 

H 

Clearance 

10° 

7° 

Cutting  Speed  (feet/ainutes ) 

58 

8 k 

Feed  (inch/tooth) 

0.0022 

0.0022 

Depth  of  Cut 

0.250 

0.250 

5.1.1*  FACS  MILLING 

HI-130  steel  was  found  to  be  extremely  easy  to  face  mill,  but 
Ti  7Al-2Cb-l.Ta  titanium  was  not.  When  compared  with  HI-130  steel,  TI  7Al-2Cb- 
lTa  titanium  has  a  face  milling  machlnability  index  of  29jt.  However, 

Ti  7Al-2Cb-lTa  titanium  la  os  easy,  If  not  easier,  to  face  mill  than  many 
other  titanium  alloys.  Evidently,  carbide  cutting  tools  are  not  as  bene¬ 
ficial  when  cutting  titanium  as  they  are  when  cutting  steel.  For  this  reason 
it  would  probably  be  best  to  slab  mill  TI  7Al-2Cb-lTa  titanium  with  high 
speed  steel  cutters  whenever  possible. 

Single-tooth  fly-cutters  were  used  during  this  evaluation.  The 
tool  inserts  used  in  the  fly-cutters  were  prepared  with  brased  carbide  tlpe. 
C-2  (883)  carbide  was  used  to  face  mill  TI  7Al-2Cb-lTa  titanium  and  C-6  (370) 
carbide  was  u.^sd  for  HI-130  steel.  Workpiece  specimens  were  prepared  from 
one- inch  thick  plate  and  were  held  by  clamping  them  to  the  milling  machine 
table. 


LTV  VOUGHT  AERONAUTICS  DIVISION 


Report  2-53100/5R-2179 

Page  5*7 


Cutting  speeds  were  varied  for  each  test  while  a  feed  rate  of 
0. 007 > inch  per  tooth  and  a  0.100-inch  depth  of  cut  were  held  constant.  Tool 
life  was  considered  ended  when  flanks  of  cutters  had  worn  0. 015-inch.  Wear- 
land  values  were  measured  with  a  Bausch  and  Lotah  microscope,  and  tool  life 
was  measured  by  means  of  a  stop  vatch. 

Testing  parameters  are  given  below: 

Cutting  Tool  Material  -  It  had  been  found  previously  that  C-2 
was  the  best  general  grade  of  carbide  for  machining  titanium  and  C*o  for 
machining  HY-130;  therefore,  no  additional  tests  were  conducted  on  cutting 
tool  materials. 

Cutting  Tool  Geometry  -  Initially,  tests  were  conducted  with  the 
commercial  (love Joy)  tool  geometry  that  was  predicted  best  for  titanium. 

This  cutter  had  an  axial  rake  of  7°  and  a  radial  rake  of  3°*  When  a  45 
corner  angle  was  ground  on  these  tools,  the  functional  angles  consisted  of 
an  inclination  angle  of  2.85°  and  an  effective  rake  angle  of  7.2°.  In 
ensuing  tests,  these  cutters  performed  poorly;  and  fault  was  placed  on  the 
positive  inclination  angle  whgch  these  tools  possessed.  It  was  found  that 
a  comer  angle  of  at  least  75°  would  have  to  be  ground  on  these  cutters 
before  a  negative  inclination  angle  could  be  obtained.  This  being  impractical, 
agother  tool  geometry  was  sought.  The  tool  geometry  selected  consisted  of  a 
0  axial  rake  angle,  7°  radial  rake  angle,  and  a  45°  corner  angle.  This 
geometry  yieldgd  functional  angles  of  -4.  91  (negative)  for  the  inclination 
angle  and  5.37  (positive)  for  the  effective  rake  angle.  Such  a  tool  geometry 
was  considered  ideal  for  machining  titanium  and  was  used  in  this  study. 

A  different  tool  geometry  was  used  to  face  mill  HY-130  steel. 

These  test6  were  conducted  with  the  commercial  (Lovejcy)  tool  geometry  which 
is  ordinarily  us*»<i  for  fgce  milling  steel.  This  geometry  consists  of  a  -6° 
axial  rake  angle  and  -10  radial  rake  angle .  ’.'hen  a  45^  comeg  angle  wasQ 
ground  on  tools  having  this  geometry,  functional  angles  of  2.9°  and  -11.1 
respectively  were  produced  for  the  inclination  and  effective  rake  angle. 

While  such  a  geometry  is  not  considered  ideal  for  machining  the  HT-130 
me  erlal  used  in  this  study,  excellent  results  were  obtained  with  this 
geometry.  For  this  reason,  other  tool  geometries  were  not  investigated,  and 
the  above  tool  geometry  was  used  in  this  stud;/. 

Feeds  and  Depths  of  Cut  -  Due  to  the  nature  of  this  investigation, 
these  parameters  were  not  varied.  A  feed  rate  of  0.007 5- inch/ tooth  and 
0.100- inch  depth  of  cut  were  held  constant. 

Cutting  Fluids  -  Titanium  has  a  low  thermal  conductivity; 
therefore,  a  good  coolant  and  antiweld  cutting  fluid  is  needed  when  machining 
this  material.  A  cutting  fluid  consisting  of  one  part  Gulf  45B  (heavy 
sulfur  base  oil)  and  one  part  Gulf  11 D  (mineral-lard  oil)  was  used  and 
creditable  results  were  achieved.  Cutting  fluids  were  not  found  necessary 
when  face  milling  KY-130  steel  with  carbides;  therefore,  no  cutting  fluids 
were  used. 
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Tool  Life  and  Cutting  Speed  -  A  tool  life  curve  vat  plotted 
for  Ti  7Al-2Cb-lTa  titanium  and  HI-I30  steel  as  shown  in  figure  5.06* 

Data  for  these  curves  were  obtained  by  varying  the  cutting  speed  for  each 
tool  and  noting  tool  life  while  holding  all  other  variables  constant.  The 
cutting  speed  required  to  yield  a  desired  tool  life  can  be  predicted  from 
this  graph. 


Moat  Economical  Cutting  Speed  -  The  cutting  speed  which  will 
yield  the  greatest  economies  can  be  predicted  from  figure  5,06  and  the 
following  equation; 

T  -  -  1)  (|  ♦  TCT) 

where  T  ■  Most  economical  tool  life 

n  ■  Slope  of  "cutting  speed  -  tool  life"  curve 
t  -  Total  cost  of  cutter;  includes  costs  of  re grinding  cutting 
edge,  tool  depreciation,  and  tool  changing 
M  ■  Machine,  labor,  and  overhead  rate  ($/minute) 

TCT  *  Tool  Changing  Time 


While  actual  costs  have  not  been  determined  for  the  above 
parameters,  a  reasonable  estimate  can  be  made.  A  4- inch  diameter.  Inserted, 
5- tooth,  face  mill,  cutter  body  costs  $l80.  Assuming  that  this  body  can  be 
vised  100  times  and  each  carbide  cutting  edge  costs  $0.90;  then  "t"  will  equal 
$4.30.  Upon  measuring  the  slope  of  the  curve  shown  in  figure  5.06 ,  "n"  is 
found  to  equal  0.32  for  Ti  7Al-2Cb-lTa  titanium  and  0.25  for  HI-130  steel. 
Baaed  on  a  previous  study,  "M"  was  found  to  be  $0.17;  and  "TCT"  is  estimated 
to  be  10  minutes.  Upon  substituting  these  data  into  the  above  equation,  the 
most  economical  tool  life  is  75  minutes  for  Ti  7Al-2Cb-lTa  titanium  and  106 
minutes  for  HI-130  steel.  From  figure  5.06,  the  cutting  6peeds  which  will 
yield  such  a  tool  life  are  observed  to  be  155  surface  feet  per  minute  for 
Ti  7Al-2Cb-lTa  titanium  and  480  surface  feet  per  minute  for  HY-130  steel  and 
are  the  estimated  "most  economical  cutting  speeds." 


Recommendations  for  face  milling  of  Ti  7Al-2Cb-lTa  titanium  and 
HI-130  steel  are  given  below; 


Cutting  Tool 
Tool  Geometry 


Ti  7AI-2Cb-lTa 
Titanium 


HY-130 

Steel 


Insert  or  Disposable  Blade, 
Carbide,  Face  Mill 


Axial  Rake 

0° 

,0 

-0 

A 

Radial  Rake 

7° 

-10 

Comer  Angle 

< 

Clearance  Angle 

10° 

hr 

Nose  Radi u6  (inch) 

1/3? 

1/32 

Tool  Material 

C-?  Carbide 

:-6  c; 

Cutting  Speed  (feet/minute) 

155 

k(*o 

Feed  (inch/ tooth) 

0.0075 

0.0075 

Depth  of  Cut  (inch) 

0.100 

0.100 

Cutting  Fluid 

Gulf  45B  and 

none 

11D  (1:3 ) 

DRILL  LITE 
Humber  of  Holes 
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Tool  Material:  HSS 

Tool  Geometry :  5/16"  Diameter, 

2  Flute,  Crankshaft 
Point  (CVA  Split 
r^int)  7*  Clearance 
Cutting  Speed:  83  SFFM 
Feed:  0.006  IPR 

Depth  of  Hole:  0.500"  through  Hole 
Coolant:  Highly  Sulphurised  Oil 
Wear  land:  0.015 


108  *  118*  128*  133*  iko* 


Point  Angle 


cuistw. 

GDQ£  AMGLfi 
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EMMk^ 

DBm  PQIKJT  GEQME.TR. Y 


^  It 


MAftG'VJ 

‘WEB  TWtCKUtSS 


PGIVJT  AUGLE-HB* 


QttlEP 
*WGLE  -7* 


STANDARD  POIKJT  GRlVsJD 


SPUT  POtKJT  QEjkiD 


Cutting  Speed 
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Cutting  Speed:  As  shown 
Feed:  0.006-Inch  per  revolution 
Depth:  0. 5 -Inch  thru  holes 
Cuttii^  Fluid:  Gulf  45B  and  HD  (l:l) 

Cutting  Tool:  KAS907,  Type  "B" ,  HSS,  5/16-Inch 
Diameter  Drills 
Wearl&nd:  0.015 -Inch 


10 

20  jO  i*0  50  60  80  100  200  300 

TOOL  LIFE  -  Number  of  Boles 


EFFECT  CF  C’JTTIIC  SPEED  ON 
Fig  5.03  DRILLING  7-2-1  TITANIUM  AND  HY-130 


400 


Cutting  Speed 
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Cutting  Speed:  As  shewn 
Feed:  0.0022 -Inch  per  tooth 
Depth  of  Cut:  0.250-inch 

Cutting  Tool:  Putnajn,  HSS,  4  Flute,  3/4-inch  Diameter, 
End  Mill 

Cutting  Fluid.  Gulf  45B  and  11D  (l:l) 

Wear  land:  0.010 -inch 

400 

300 


200 


30 


20 


10  ^ - 1 - - - - -  -  -  i - ■ - i - ■ - 

34568  10  20  30  406080  100  200  400 

Tool  Life  -  Minutes 


EFFECT  OF  CUTTING  SPEED  ON  TOOL  LIFE 
Fig  5.05  WHEN  BO  MILL  SLOTTING  7-2-1  TITANIUM  AND  HY-ljO 


Cutting  Speed 
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Cutting  Speed:  As  ehovn 
Feed:  0 .0075-Inch  per  tooth 
Depth  of  Cut:  0.100 -inch 
Tool  Material:  Titanium  -  C-2  Carbide 
Steel  -  C-6  Carbide 

Cutting  Fluid:  Titanium:  Gulf  45B  and  11D  (1:3) 
Steel:  Dry 
Wear land:  0.015-inch 


Fig  5-06 


EFFECT  OF  C1HTI1G  SPEED  ON  TOOL  LIFE 
WHEN  FACE  MILLING  7-2-1  TITANILM  JSD  HY-130 
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5.2  FORMING 

The  U.  S.  Naval  Applied  Science  Laboratory,  Naval  Base, 

Brooklyn,  Nev  York,  has  performed  work  in  roll  bending  one-inch  thick 
Ti  7Al-2Cb-lTa  titanium  plate.  The  objective  of  the  program  in  which 
this  work  was  done  was  to  develop  production  forming  procedures  for 
heavy  section  alloy  titanium  plates  and  shapes  for  use  in  hull  structures 
of  advanced  deep  diving  subnersibles.  (Ref.  SF  013-01-03,  Task  0216) 

The  results  of  these  tests  of  the  roll-bending  characteristics 
of  Ti  7Al-2Cb-lTa  titanium  plate  indicate  that  over  a  range  of  extreme  fiber 
strains  from  approximately  1/2  to  1-2/3  percent  and  for  a  yield  strength 
level  of  I06, CKX)  psi  for  Ti  7Al-2Cb-lTa  titanium  and  90,000  psi  for  HY-80 
steel,  which  v  •»  used  for  comparison,  the  following  applies: 

a.  The  ratio  of  energy  required  to  cold  roll  bend  alloy 
titanium  plate  compared  to  that  required  to  cold  roll  bend  HY-80  steel 
plate  varies  considerably  depending  on  the  strain  level;  a  ratio  of  l-l/2 
at  high  strain  levels  and  k-l/2  at  low  strain  levels  were  found  in  these 
tests. 


b.  Moderately  elevating  the  roll  bending  temperature  rapidly 
reduces  the  energy  required  to  roll  bend  Ti  ?Al-2Cb-lTa  titanium. 

c.  At  600°F,  the  energy  to  roll  bend  the  Ti  7Al-2Cb-lTa 
titanium  is  half  that  required  at  room  temperature  and  for  strewn  levels 
above  1$  is  no  greater  than  the  energy  required  to  roll  bend  HY-80  steel 
at  room  temperature.  Temperatures  above  600°F  showed  little  additional 
reduction  in  the  energy  required  to  roll  behd  titanium. 

d.  The  springback  of  the  titanium  plate  used  in  these  tests 
after  cold  roll  bending  is  approximately  2  to  2-3/1*  times  aa  great  sa  that 
for  HY-80  steel  plate. 

e.  Springback  of  roll  bent  titanium  may  be  significantly 
reduced  by  bending  at  elevated  temperature,  but  there  is  little  advantage 
in  bending  at  temperatures  above  600°F. 

f.  Forming  at  elevated  temperature  did  not  impair  the 
accuracy  with  which  a  particular  curvature  could  be  produced. 

A  review  of  forming  requirements  of  presently  existing  BuShlps 
hydrofoil  vessels,  and  the  AG8H  vessel  in  production,  has  revealed  no 
special  or  unique  foruing  problems  requiring  research  effort  above  that 
air  3y  completed  by  the  U.  S,  Naval  Appll  l  Science  Laboratory,  Naval 
Base,  Brooklyn,  Nev  York.  Presently  avail 1  ,ie  forming  knowledge  is  believed 
adequate  for  the  purposes  of  this  program. 


m  vomer  Anemones  diyxbios 


Report  2.53100/5R-2179 
Peg*  C>.Y> 


5.3  WPODP 

The  MIG  (metal  inert  gee)  welling  process  «m  used  generally 
throughout  Phase  Ill  due  to  the  economy  of  this  prooese  wherever 
heavy  plate  Is  welded.  TIG  (tungsten  Inert  gas)  welding  was  used  In 
welding  the  l/l£-lach  thick  sheet  due  to  the  limitations  of  NIG  welding  In 
the  thinner  gages,  and  TIG  welding  was  used  wherever  manual  welding  was 
required.  The  one  exception  to  the  above  general  rule  occurred  In  the 
manual  welding  of  the  one  one -inch  thick  HT-130  (manual  weld)  test  plate, 
where  manual  N2G  welding  was  used.  The  equipment  used  for  manual  welding 
consisted  of  a  PIE  300  mq>,  AC -DC  arcwelder  and  a  Linde  HV-20  torch.  The 
MIO  welding  equipment  consisted  of  the  following  items : 

1)  PHI  500  amp  constant  voltage  power  supply. 

2)  Linde  B-2  wire  drive. 

3)  Linde  SCC -6  wire  drive  control  unit. 

4)  Linde  Itf-13  torch. 

5)  Side  been  carriage  with  Unde  EG-103  governor. 

Tentative  check*  of  yield  strength  and  toughness  of  the 
"as  welded”  properties  were  made  during  these  welding  evaluations  of  the 
welds  that  appeared  promising.  Where  these  teste  were  made  the  results 
ere  included  in  the  welding  procedure  tables. 

mo  welding  equipment  used  in  the  program  is  shown  in  figure  5*07 
except  for  the  power  supply  and  the  wire  drive  control  unit.  Also  shown 
Is  the  welding  fixture  used  to  hold  all  weld  specimen  plates  during  welding 
except  the  restrained  weld  specimen  plates.  The  MIO  manually  welded  plate 
was  also  welded  In  this  tool,  whereas  all  TIG  manually  welded  plates  were 
welded  without  the  use  of  a  fixture  and  In  an  unrestrained  condition.  The 
l/l6  inch  thick  ET-130  sheet  was  welded  In  a  conventional  stake  welling 
tool.  Figure  5*06  shows  a  close  up  view  of  a  HT-130  one -inch  thick  plate 
In  the  welding  fixture  with  the  tore*  In  position  preparatory  to  making 
the  first  root  pass  weld. 

All  welding  wire  was  used  as  received  from  the  vendor,  with  no  surface 
finish  specified.  In  the  case  of  the  tltanlus  filler  wire,  purchase  orders 
specified  that  the  wire  must  be  packaged  to  prevent  moisture  and  dirt 
contamination  during  shipment.  When  welding  the  tltanlim  plates  some 
difficulty  was  experienced  in  maintaining  a  straight  weld  bead.  This  was 
apparently  doe  to  the  helix  angle  of  the  coiled  wire,  as  the  angle  of  exit 
of  the  wire  from  the  torch  would  change  and  shift  the  position  of  the  weld 
bead.  This  caused  difficulty  when  making  the  finishing  weld  passes. 
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Argon  gas  «u  used  u  the  shielding  cover  tad  backup  gas  la 
oaklug  all  penetration  velds  by  both  the  NZO  and  TZO  welding  processes 
for  both  automatic  and  manual  welding*  Torch  gas  used  was  1000  argon  for 
all  welding  except  NZO  welding  of  HT-130  and  17 plate  where  argon  plus 
one  to  two  percent  oxygen  was  used.  In  welding  tbr.  titanium,  protective 
gas  coverage  was  required  to  prevent  contamination  of  the  hot  weld  deposit 
when  it  was  no  longer  protected  by  the  torch  gas.  A  water-cooled  trailing 
shield  (shown  In  figure  5*09)  and  argon  gas  were  used  to  give  this  protec¬ 
tion  and  prevent  contamination.  A  round  cover  shield  was  used  when  welding 
the  titanium  restrained  weld  specimens  and  this  shield  covered  the  entire 
weld.  Shielding  equipment  used  proved  to  be  adequate  et  all  times  for 
welding  titanlua. 

for  the  manually  welded  N10  one -Inch  thick  17-130  specimen 
plate,  the  torch  wae  removed  from  ite  holding  in  the  automatic  machine 
and  guided  manually  to  make  the  weld. 

Considerable  progress  le  reported  by  Chi  ted  States  Steel  on 
the  development  of  HI-130/150  covered  electrodes  for  manual  welding  in 
their  sixth  progress  report  on  Bureau  of  Ships  contract  Bo.  BOb*-885fcO, 
SR007-01-01,  task  853*  Teste  already  completed  have  resulted  In  yield 
strengths  of  lbO  and  141  ksl  end  energy  absorption  of  kk  ft. -lb.  •  0°F. 
and  45  ft. -lb.  g  +30°T.  The  program  includes  plans  for  considerably 
more  work  In  this  area. 

Zn  preparing  the  plates  for  welding,  two  groove  geoem tries  were 
used  as  shown  in  figure  5*10.  Groove  Bo.  1  wae  used  on  all  l/k-ineh  thick 
butt  welds,  restrained  welds,  1-3/8  inch  thick  17-^1*  and  1-3/8  inch  thick 
CD-kMCu  stainless  steel  castings  end  all  preliminary  tensile  test  specimens 
of  one  inch  plate.  Groove  Bo.  2  wee  used  for  welding  all  final  teat 
specimens  of  HT-130  steel  and  Ti  7Al-2Cb-lT»  titanium  one-inch  thick  plate. 
This  Bo.  2  groove  configuration  Is  being  used  for  two  reasons;  one,  the 
50°  "V"  groove  with  a  l/l£-lnch  root  gap  resulted  In  porosity  and  cracking 
In  the  root  passes  when  welding  HI- 130  steel,  and  two  it  is  anticipated 
that  fabrication  welding  of  hydrofoil  ckln-rlb-spar  Junctions  will  require 
this  type  or  a  similar  groove  configuration.  Zn  fabricating  final  test 
specimens,  the  simulated  rib  (usually  a  l/2-lnch  square  pleoe)  la  machined 
off. 


Zh  making  the  root  passes.  It  was  difficult  to  achieve  the 
proper  penetration  in  both  the  HI-130  steel  and  Ti  7Al-2Cb-lTi  titanium. 
This  problem  will  he  discussed  further  wider  the  welding  of  these  alloys. 
Although  a  complete  resolution  of  this  problem  vas  not  possible  dme  to 
limited  time  and  funds,  It  Is  believed  that  the  data  developed  and  the 
conclusions  drown  will  provide  the  basic  procedures  to  develop  satisfactory 
root  pass  welding.  Due  to  the  laboratory  nature  of  the  welding  work 
performed,  all  welding  procedures  given  will  probably  require  come 
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■edification  to  meet  the  specific  needs  of  production.  Tables  5-1,  5-2, 
and  5-3  «ay  serve  for  welding  HI -130  and  Tables  5-1**  and  5-13  for  welding 
7Al-2Cb-lTa  titanium. 


5.3.1  VEIDIRO  (F  HT-130  STEEL 

Oocveld  84  filler  wire  was  used  for  all  specinen  welding  of 
HT-130  steel  in  Phase  III.  As  Mentioned  earlier,  the  KIG  welding  process 
was  used  on  all  except  the  .060-inch  thick  HT-130  steel  sheet,  which  was 
TIG  welded.  In  order  to  insure  flatness  of  the  one -inch  plate  after 
welding,  a  shin  was  placed  under  the  l/2-lnch  square  simulated  rib  to 
compensate  for  plate  warpage  during  welding.  Welding  procedures  are  given 
in  Tables  5-1,  5-2,  and  5-3* 

Weld  tests  were  conducted  on  filler  wires  for  welding  one -inch 
thick  HT-130  steel  plate.  The  wire  trade  name,  diameter,  heat  number  and 
carbon  content  are  listed  in  the  table  below: 


Wire 

Dla. 

Heat  Ho. 

Carbon 

Alrco  (special) 

Air co  608 

.062 

.045 

R9376 

86364 

.14 

.16 

Qxweld  83 

.045 

62613E 

.13 

Qxweld  83 

.045 

R3320507 

.15 

Qxweld  83 

.030 

X&24T0 

.15 

Qxweld  83 

.062 

R31439 

.09 

Oxweld  84 

.045 

R661574 

.15 

Of  these  filler  wires,  the  Oxweld  83  (heat  no.  R3320507)  and 
Qxweld  84  (heat  no.  R661574)  with  .15%  carbon  content  were  determined 
acceptable  for  use  in  this  program.  The  Union  Carbide  Corporation,  producer 
of  Qxweld  83,  has  discontinued  the  marketing  of  Qxweld  83  with  the  higher 
carbon  content  and  is  now  marketing  the  higher  carbon  content  wire  as 
Qxweld  84.  The  Qxweld  83,  .030-inch  diameter  filler  wire  was  not  satis¬ 
factory  due  to  porosity  and  lack  of  fusion  in  the  welds.  These  veld  defects 
were  apparently  caused  by  the  inability  of  the  smaller  wire  to  carry  the 
required  current  satisfactorily.  The  remaining  two  Qxweld  83  filler  wires, 
heat  no.  62613E  and  heat  no.  R31439,  did  not  develop  sufficient  yield 
strength  for  use  on  this  progrsm.  The  velds  Bade  with  Alrco  filler  vires 
were  not  satisfactory  for  use  on  this  program.  The  special  .062-lnch 
diameter  wire  exhibited  transverse  cracking  in  the  velds  and  the  .045-inch 
diameter  wire  resulted  in  velds  of  low  yield  strength.  See  tables  5-4 
through  5-11  for  welding  procedures  and  physical  properties  of  HT-130  welded 
with  the  above  welding  vires. 

As  a  result  of  the  low  yield  strength  exhibited  by  the  .045 
inch  diameter  Qxweld  83  wire  with  .13%  carbon,  three  additional  test  plates 
were  welded  with  e  lower  heat  input  le  order  to  determine  if  this  would 
raise  the  yield  strength  to  an  acceptable  level.  Lowering  of  the  heat 
input  from  27,000  Joules  per  Inch  to  the  15,000  to  19,000  Joules  per  inch 
level  raised  the  yield  strength  from  112,000  pel  to  an  average  of  130,000 
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pel.  This  strength  level  vu  not  adequate  for  KT-130  In  this  progroa 
because  the  desired  "as  welded"  yield  strength  vu  135,000  psl.  See  table 
5-12  for  welding  procedures  and  physical  properties.  Figure  5*11  shorn  a 
cross  section  of  a  weld  In  one -Inch  KT-130  plate. 

In  asking  the  root  passes  during  the  welding  of  the  one -Inch 
thick  specimen  plates  to  the  l/2-inch  square  simulated  riba,  difficulty 
was  encountered  In  obtaining  adequate  sad  consistent  root  penetration. 
Longitudinal  cracking  and  considerable  porosity  were  experienced  In  asking 
some  of  these  root  passes.  Cracking  and  porosity  were  not  found  in  all 
root  passes  or  In  all  plates,  but  non-uniform  penetration  was  coanon  to 
all  plates  welded.  Limited  cracking  was  found  on  one  plate  In  the  area  of 
poor  penetration.  The  porosity  was  generally  found  In  the  first  pass  where 
the  weld  puddle  aade  an  apparent  cold  lap  on  the  simulated  rib.  This  was 
not  always  the  case,  however,  because  this  porosity  was  not  found  in  all 
the  plates  welded. 

Upon  observing  the  results  of  the  limited  amount  of  research 
possible  in  this  program  In  obt  lning  good  NIG  welding  root  pass  parameters 
for  the  Joint  used  over  tae  simulated  rib,  it  Is  believed  that  It  would  be 
better  to  make  these  roo\.  passes  with  TIG  welding,  and  then  fill  the  rest 
of  the  groove  using  the  NIG  process.  With  copper  backup  bars  and  enough 
time,  It  Is  believed  that  NIG  welding  root  pass  parameters  could  be  developed, 
and  thus  only  one  welding  process  would  be  required  to  weld  the  Joint; 
however,  In  certain  closeout  weld  Joints  backup  bars  cannot  be  used,  and 
the  possibility  of  using  NIG  welding  in  these  cases  without  copper  backup 
bars  and  obtaining  good  welds  Is  questionable. 


5.3.2  WKIiJOG  <F  7Al-2Cb-lTa  TITMflUN 

During  the  early  part  of  Ihaae  HI,  metal  Inert  gas  spray  arc 
and  metal  Inert  gas  short  arc  welding  of  one  Inch  thick  fi  7Al-2Cb-lia 
plates  were  observed  at  the  laval  Applied  Science  Laboratory  In  Brooklyn, 

New  fork.  The  exceptionally  good  results  being  obtained  were  discussed 
with  IASL  personnel,  who  explained  at  length  the  welding  procedures  and 
shielding  and  welding  equipment  being  used.  The  techniques  and  procedures 
and  the  trailer  shield  configuration  used  on  this  program  were  generally 
patterned  after  those  used  by  VtSL. 

As  stated  previously,  all  Ti  7Al-2Cb-13h  welds  were  mads  using  a 
l/l6  inch  root  gap  (groove  geometry  Bo.  1)  except  those  aade  in  the  one -Inch 
plate  for  fabrication  of  final  test  specimens.  The  penetration  In  the  l/l6 
Inch  root  gap  welds  was  satisfactory  In  most  welds.  Attempts  to  develop  root 
pass  weld  parameters  using  .062  Inch  diameter  sire,  a  3/8  Inch  root  spacing 
and  a  l/2  Inch  aquare  simulated  rib  were  unsatisfactory.  When  the  root  was 
penetrated  the  molten  metal  flowed  through  leaving  a  gap  between  the  plate 
and  the  rib,  and  when  the  root  was  not  penetrated,  the  molten  metal  flowed 
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across  tbe  rib  to  the  opposite  side  without  penetrating  the  root  00  that 
side.  Due  to  this,  a  l/2"  thick  by  1"  vide  simulated  rib  was  used  with  a 
single  root  pass.  A  cross  section  of  this  veld  is  shown  in  figure  5-12. 

Ibis  single  root  pass  was  acceptable  for  welding  the  one-inch  plate  for 
fabrication  of  the  final  test  specimens. 

Vo  make  a  satisfactory  penetration  root  pass  veld  with  .06 2  inch 
diameter  wire,  a  3/8  Inch  root  spacing  and  a  l/2  inch  square  simulated  rib; 
either  the  first  two  passes  should  be  TIG  passes  or  smaller  diameter  wire 
should  be  used  if  NIG  welding  must  be  used.  A  large  site  wire  NIG  veld 
could  then  be  used  for  the  remaining  passes  to  complete  the  weld.  Another 
possibility  would  be  to  use  copper  backup  bars,  but  these  could  not  be 
used  for  a  close-out  veld. 

Before  welding  the  final  test  specimen  plates,  a  preliminary 
tensile  test  veld  was  made  in  one  inch  plate  in  which  a  veld  strength  value 
equal  to  tbe  parent  metal  vms  obtained.  One  of  the  two  preliminary  tensile 
test  specimens  made,  failed  in  the  parent  metal.  See  table  5*13  for  welding 
procedures  and  test  results. 

The  1/2,  and  1  inch  thick  plates  were  welded  satisfactorily, 
and  x-ray  Inspection  revealed  no  cracking  and  a  relatively  small  smount  of 
porosity.  In  welding  the  one -inch  plates,  a  1/8  inch  thick  shim  van  placed 
under  the  simulated  rib  to  compensate  for  tbe  warping  of  the  plate  during 
welding.  A  l/k  and  a  one-inch  plate  thickness  re strained  weld  patch  test, 
each  vith  a  five -inch  diameter  patch  in  a  twelve -inch  square  plat*  vere 
welded  and  found  free  from  cracks  immediately  after  welding.  These  speci¬ 
mens  were  x-rayed  again  in  nine  days  and  found  still  free  from  cracks. 

See  tables  5-lk  and  5-15  for  welding  parameters.  Tables  5-16  and  5-17 
give  re comae nded  settings  for  welding  of  l/k  inch  and  one-inch  Ti  "A 1 -2Cb - IT* 
tltaniua  butt  Joints. 

In  the  welding  of  l/k  inch  thlch  plate,  one  pats  MIG  velds 
were  used  on  butt  Joints,  and  a  two  pass  MIG  veld  was  used  on  tbe  restrained 
weld  pass,  using  the  selected  veld  parameters,  did  not  quite  fill  the  groove 
of  the  patch  test  specimen,  and  s  second  pass  was  used.  It  Is  recommended, 
however,  in  MIG  welding  of  l/k  inch  thick  plate,  that  if  possible,  one 
pass  welds  be  made. 


5.3-3  VK14IY5  (F  17-kPH  STAHIgSS  STUL  CASTHG8 

The  lA  inch  17-kffl  stainless  steel  casting  stress 

corrosion  specimens,  with  tbe  l/8  Inch  wide  by  1/8  inch  deep  saw  cuts 
simulating  repair  weld  area,  were  aanually  TIG  welded  using  l/l6  Inch 
disaster  17-kA  stainless  steel  filler  wire.  All  weld  specimens  were  found 
to  be  free  of  cracks  and  porosity  upon  x-ray  inspection  except  one,  and 
its  weld  contained  a  small  smount  of  porosity  which  was  believed  caused  by 
improper  cleaning  before  voiding. 
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In  welding  tbe  1-3/8  inch  thick  stainless  steel  casting 

by  the  MUG  welding  process,  a  sound  veld  was  not  obtained.  In  welding  the 
first  five  passes,  pure  argon  was  used  as  the  shielding  gas  with  the  result 
that  considerable  veld  spatter  occurred,  and  cracks  approxlaately  l/2  inch 
long  were  visible  in  the  veld  crater  at  the  end  of  each  veld  pass.  With 
the  use  of  2$  Og  addition  to  the  argon  in  the  sixth  and  successive  passes, 
the  veld  spatter  and  cracking  were  eliminated.  Inspection  by  x-ray  shoved 
a  sound  veld  except  for  the  cracks  at  the  ends  of  the  veld  passes  as  described 
above.  However,  when  the  veld  was  sectioned,  mmmrous  Internal  cracks  were 
found  which  were  not  shown  by  x-ray  inspection.  See  table  5-18  for  welding 
procedures . 


Due  to  the  cracking  experienced  In  the  veld  when  NIG  welding 
was  used,  the  casting  was  reaa chined  and  then  TIG  Manually  welded.  No 
restraint  vas  imposed  during  this  TIG  welding.  A  number  cf  weld  trials 
were  aade  vlth  variations  of  preheat  and  amounts  of  filler  wire  deposited 
during  the  first  two  passes.  Excessive  varpage  and  root  pass  cracking  vas 
experienced.  Cracking  vas  minimi  ted  by  making  a  large  proportion  of  filler 
vlre  deposit  to  base  metal  melted  In  the  root  passes.  Due  to  the  excessive 
warping  of  the  plate,  the  back  side  of  the  plate  was  machined  out  after 
the  10th  veld  pass  and  approxlaately  1/2  Inch  of  the  5/8  Inch  of  weld  metal 
was  removed.  See  figure  5*13  shoving  warping  of  this  plate.  After  machining, 
the  plate  vas  straightened  and  excessive  warpage  was  reduced  during  reweldlng 
by  alternately  welding  on  both  sides  of  the  plate.  Table  5-19  presents  tbe 
weld  procedures. 


5.3-t  WEIDHIG  QT  CI'^NCu  CASTINGS 

The  lA  -Inch  thick  CD-^NCu  casting  static  corrosion  and  stress 
corrosion  specimens,  vlth  the  1/8 -inch  vide  by  l/8-inch  deep  saw  cuts  simulat¬ 
ing  repair  veld  areas,  were  manually  TIG  welded  using  l/l£-lnch  diameter 
CD-JiMCu  filler  wire.  All  specimens  were  found  to  be  free  of  cracks  and 
porosity  by  x-ray  inspection  except  one  which  had  a  small  amount  of  porosity 
which  was  believed  caused  by  improper  cleaning  and  failure  to  remove  heat 
treat  scale  from  the  specimen  before  welding. 

One  1-3/8-inch  thick  CD-^iNCu  plate  casting  was  NIG  welded  using 
l/l£-lnch  diameter  CD-ttftCu  filler  vlre.  Inspection  by  x-ray  revealed  no 
cracks,  but  did  show  a  stall  amount  of  porosity.  When  the  veld  was  sectioned, 
however,  numerous  internal  cracka  were  found.  Due  to  the  numerous  cracks 
resulting  from  automatic  NIG  welding,  it  was  planned  to  manually  TIG  veld 
this  plate.  This  alloy  was  dropped  from  the  progri  for  reasons  other  than 
welding,  however,  before  the  welding  could  be  started.  See  table  5*20  for 
welding  procedures. 
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TABLE  5-1 

AUTOMATIC  MIG  'WELDING  FA 


•  *n»  in.-c 


Material: 

Filler  Wire: 

Shielding  Gafi  (cubic  feet/hr) 
Backup: 

Torch: 

Root  Spacing: 


1"  HY-130  Plate 

.045"  diameter  Oxveld  84,  heat  R661571* 

PC  CFH  argon 

50  CFB  argon  +  1$  Og 

3/8"  -  25°  bevel  angle  -  l/lo"  land,  butt  joint 


Pass  No. 

1-? 

3*17 

Voltage  (volts): 

Setting 

BC-15 

BC-4 

Reading 

28 

30 

Current  (amperes): 

Setting 

96 

88 

Reading 

230 

230 

Torch  Travel  (in/mln): 

Setting 

5.9 

4.0 

Travel 

20 

1«'» 

Wire  Extension  (inches): 

5/c 

5/6 

Heat  Input  ( Joules/in): 

1\  ,000  mmx 

c  -,O.X: 

Cabinet  Controls: 

Inching 

<r 

^5 

s 

Range 

Lov 

Lov 

Burn back 

4 

4 

Slope 

2 

£_ 

Preheat  (°F): 

p-  :  3g 

.  o  . 

Max  Interpass  temp.  (  F): 

3:5 1 38 

230  * 

i 

Weld  Reaulta: 


.  00 

These  parameters  resulted  in  e.  good  veld  except  for 
porosity  and  United  cracking  in  the  first  tvo  penetration 
passes  of  some  of  the  velds. 
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TABIZ  5-2 


aitokatic  mo 

'.'ELDING  PROCEDURES 

Material : 

l/4"  KY-130  plate 

Filler  Wire: 

•  0** S "  diameter  Oxveld  R4,  heat 

Shielding  Gas  (cubic  fcet/hr): 

Brck'tp: 

IS  <~FK  argon 

Tore!. : 

SO  CF1!  argon  *•  IT 

r*N  _ 

Foot  Spacing: 

l/l  •"  -  25°  Level 
butt  ;oir.t 

angle  -  l/l‘> 

Pass  No. 

1 

2 

Voltage  (volts): 

Setting 

AD-10 

BC-7.6 

Heading 

29 

3^ 

Current  (amperes): 

Setting 

96 

36 

Reading 

270 

270 

Torch  Travel  (in/min) 

Setting 

7.S 

'.Q 

Travel 

rvT 

e  f 

24 

Wire  Extension  (inches): 

Heat  Input  (,'oules/in): 

Cabinet  Controls; 

5/~ 

5/6 

Inching 

3s 

?5 

Range 

Lev 

Low 

Burnt- sex 

4 

4 

Slope 

- 

O 

£L 

Preheat  (°F^: 

Max  Interpnss  7e«np  f°F): 

TV” 

™  1 38 

Weld  Results :  7'  ese  paramet 

err  resulted  ir.  n  ,-ood  weld. 

Report,  .-Si1  0'  /SR-." i' 

Page  5  * ?4 

LTV  VOUOBT  AERONAUTICS  DIVISION 


TABLE  5-3 

AUTOMATIC  TIG  WELDING  PR 


iKxri.n.s 


Material: 

Filler  Wire: 

Shielding  Gas  (cubic  feet/hour): 
Backup: 

Torch: 

Joint  Type* 


.06n*'  HY-130  sheet 

045"  diameter  Oxveld  84,  heat  PoOl^fU 

12  CFH  argon 
SO  CFH  helium 
Butt  joint 


Volte : 

Amperes: 

Welding  Speed: 

Electrode  ext»nsion. 

Electrode  size: 

Electrode  point: 

Wire  feed  rate: 

Gas  Cup  diameter: 

Backup  groove  width: 

Backup  groove  depth: 

Koee  diameter  hold 
down  clamp 


11 

L"  per  minute 

l/2" 

3/32 

3D 

2^  per  minute 

3/R" 

s” 

.  040  " 

.200" 


TheBt  paraateters  resulted  in  a  satisfactory  weld. 


LTV  VOUGHT  AERONAU  ICS  DIVISION 


Report  C-531  '’•o/PR-'-lV  • 

?*€*  !).25 


MU  5-k 


AUTOMATIC  MIG  WELDING  PROCRDC 

RES 

Material: 

1"  HY-I30  Plate 

Filler  Wire: 

.045"  diameter  Oxveld  83,  Heat 

R 332Cy)7 

Shielding  Oas  (cubic  ft/hr) 

Backup 

10  CFH,  Argon 

Torch 

50  CFH,  Argon  >  It 

p 

Root  Spacing 

1/ lt>" ,  butt  joint 

Pass  No 

1 

3-4 

2  k  5-18 

Voltage  (volte) 

Setting 

AD-2 

AD-0.5 

AD-*.? 

Reading 

22 

26 

28 

Current  (amperes) 

Setting 

90 

Of 

92 

Reading 

Torch  Travel  (in/min) 

180 

200 

220 

Setting 

20 

1  > 

1~ 

Speed 

20 

1 

1 " 

Wire  Extension  (inches) 

5/8 

S  /  -p 

>/“ 

Heat  Input  (joules  per  in) 

12,000 

■'3,^  ’ 

Cabinet  Controls 

Inching 

35 

o.> 

iS 

Range 

Lev 

Low 

*  IV 

Pumback 

V* 

0 

0 

Slope 

2 

r 

0 

a. 

Preheat  (°F) 

Max  Tnterpr.rc  Terp  (0F,’ 

200 

220 

220 

Tensile  Test  (pal) 


Specimen  No. 

Fty 

Ftu 

e 

R.A. 

p allure 

1 

1^3,200 

1^,500 

4 

13-1 

Weld 

2 

142,000 

148,300 

5 

16.3 

Weld 

'*harny  A  3?°?  *>5  ft  lb 

60  ft  lb 
58  ft  lb 
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TABLE  5-5 

AUTOMATIC  MIG  WELDING  FROGBSXSRBS 


elate  rial : 

1"  HY- 

130  Plate 

Filler  Wire: 

.045" 

diameter  Oxveld  84,  Heat  r6615?4 

Shielding  Gas  (cubic  feet/hour) 

Backup: 

10  CFH 

,  Argon 

Torch : 

50  CFH 

,  Argon  +  1$  Og 

Root  Spacing: 

l/lo  inch,  butt  Joint 

Pass  No. 

1 

2-22 

Voltage  (volt 8) 

Setting 

AD- 2 

AD-5 

Reading 

22 

25 

Current  (amperes) 

Setting 

90 

92 

Reading 

I80 

Torch  Travel  (in/min) 

Setting 

20 

16 

Speed 

70 

l6 

Wire  Extension  (inches) 

3/4 

5/8 

Heat  Input  (joules  pei  inch) 

12,000 

19,500 

Cabinet  Controls 

Inching 

35 

35 

Range 

Low 

Low 

Bumback 

4 

4 

Slope 

2 

2 

Preheat  (°F) 

200 

Max  Interpaas  Temp.(°F) 

220 

Teniile  Teats  (pel) 

Specimen  No.  Fty# 

1  lUo,5oo 

2  l 40,300 


e  R.A. 


X-ray  -  Both  velds  had  porosity. 


Ftu 

145,700 

144,400 


4 

3.5 


failure 

Meld 

Weld 
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HBI  5-6 

AUTOMATIC  K20  WSLDOO  PROCEDURES 
Material:  1"  HY-130  Plate 

Filler  Wire:  .030”  diameter  Oxweld  83,  Heat  X42470 

Shielding  0a«  (cubic  feet/hour) 

Backup:  10  CFH,  Argon 


Torch: 

40  CFH, 

Argon  +  2^  02 

Foot  Spacing: 

l/l6  Inch,  butt  Joint 

Pass  No 

1 

2-l4 

15 

Voltage  (volts) 

Setting 

AC-2.7 

AD-4.8 

AB-4 

Reading 

25 

26 

25 

Current  (amperes) 

Setting 

100 

100 

100 

Reading 

100 

120 

100 

Torch  Travel  (in/min) 

Setting 

17 

5 

12.5 

Speed 

17 

5 

12.5 

Wire  Extension  (inches) 

5/8 

5/8 

5/8 

Heat  Input  (Joules  per  in) 

9,000 

14,000 

12,000 

Cabinet  Controls 

Inching 

35 

35 

35 

Range 

Low 

Low 

Low 

Burnback 

6 

6 

6 

Slope 

2 

2 

2 

Preheat  (°F) 

Max  Interpass  Temp  (°F) 

200 

230 

200 

Ho  tensile  tests  sere  conducted  due  to  the  poor  quality  of  the  veld. 
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AUTOMATIC  MIG  YIELDING  PR0CKDCKE8 
Material:  1"  HY-130  Plate 

Filler  Wire:  0.045"  diameter  Orweld  83,  Heat  62613E 

Shielding  Gas 

(cubic  feet  per  hour) 

Backup:  Argon,  10  CFH,  First  pass  only 

Torch:  Argon  +  2$  Og,  50  CFH 

Root  spacing  for  first  weld  pass;  0.062",  butt  Joint 


Pass  Humber 

1 

2-15 

16 

Voltage  (volts): 

Setting 

AD-2 

AD-5.5 

AD-5.5 

Beading 

22 

25 

25 

Current  (amperes) 

Setting 

90 

90 

90 

Reading 

180 

200 

200 

Torch  Travel  (in/min) 

Setting 

20 

11 

13 

Speed 

20 

11 

13 

Wire  Extension  (in) 

3/4 

3/4 

3/4 

Heat  Input  (Joules  per  in) 

12,000 

27,000 

23,000 

Cabinet  Controls 

Inching 

35 

35 

35 

Range  SW 

Low 

Low 

Low 

Buroback 

6 

6 

O 

Slope 

2 

2 

2 

Preheat  (°F): 

Max.  Interpass  Temp  (°F) 

Remarks 

200 

200 

225 

200 

Sealing  pass 
back  side. 

Tensile  Tests  (psi): 

Specimen  Fty 

Ftu 

e 

R.A. 

Failure 

1  111,500 

119,000 

5 

24.6 

Weld 

2  114,000 

122,000 

6 

24.9 

Weld 

'•rm'-*.  ■  '^‘*1  »ffg>  w’jpoii  ^Ta. 


.•iaar«.iv -^.v . 
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nunc  5-6 

AUTOMATIC  MIO  WELDING  PROCEDURES 


Material: 
Filler  Wire: 
Shielding  Gas 


1”  HY-13C  Plate 

.062"  diameter  Oxveld  83,  Heat  R31439 
(cubic  feet/hour) 


Backup: 

10  CFH, 

Argon 

Torch: 

50  CFH, 

Argon  +  2£  Og 

Root  Spacing: 

l/l6  inch,  butt  joint 

Pass  No. 

1 

2-3 

4-17 

Voltage  (volts) 

Setting 

AD- 6 

BC-5 

BC-5 

Reading 

25 

32 

32 

Current  (amperes) 

Setting 

80 

80 

80 

Reading 

290 

300 

300 

Torch  Travel  (in/min) 

Setting 

20 

12.5 

.  16 

Speed 

20 

12.5 

16 

Wire  Extension  (inches) 

3A 

5/8 

5/8 

Heat  Input  (joules  per 

in)  22,000 

46,000 

36,000 

Cabinet  Controls 

Inching 

35 

35 

35 

Range 

Low 

Low 

Lov 

Bumback 

6 

b 

/* 

O 

Slope 

2 

2 

2 

Preheat  ("V) 

Max  Interpass  Temp  (°F) 

150 

175 

175 

Tensile  Tests  (psi) 
Specimen  No. 

Fty 

Ftu 

e 

Failure 

1 

120,900 

128,900 

7 

Weld 

2 

124,600 

130,100 

10 

Weld 

3 

126,000 

126,700 

5 

Weld 

LTV  VOUOBT  AERONAUTICS  DIVISION 
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turn  5-9 

AUTOMATIC  MIG  WELDING  TROCEDURES 


Material: 

1"  HY-130  plate 

Filler  Wire: 

0.062” 

diameter  "Special”  Airco  Wire, 

Heat  9376 

Shielding  Gas: 

(cubic  feet/hr): 

Backup: 

Argon, 

10  CFH,  First  pass  only 

Torch: 

Argon  h 

•  2$  02  50  CFH 

Root  spacing  for 
first  weld  pass; 

0.062”, 

butt  Joint 

Plate  Number 

3 

4 

Pass  Number 

1 

2 

3-15 

16 

1 

2-14 

Voltage  (volts): 

Setting 

BC-3.5 

BC-5 

BC-3 

BC-3 

BC-3.5 

BC-5 

Reading 

Current  (amperes): 

28 

30 

28 

28 

28 

30 

Setting 

90 

85 

85 

80 

90 

85 

Reading 

Torch  Travel  (in/min): 

320 

320 

310 

280 

320 

310 

Setting 

20 

12.5 

16 

21 

20 

14.2 

Speed 

20 

12.5 

lo 

21 

20 

14.2 

Wire  Extension  (in) 

3A 

3/4 

3/4 

3/4 

3/4 

3/4 

Heat  Input 
( Joules/inch) 

26,800 

46,ooo 

32,500 

22,400 

26,800 

40,000 

Cabinet  Controls 

Inching 

35 

35 

35 

35 

35 

35 

Range  SW 

Lov 

Lov 

Lov 

Lov 

Lov 

Low 

Burnback 

6 

6 

6 

6 

0 

Slope 

2 

2 

2 

2 

2 

4 

Preheat  (°F) 

300 

300 

400 

Max.  Interpass  325  325  4?5 

Temp.  (°P) 


Sealing  pass 
back  side. 


Remarks 


X-ray  inspection  revealed 
transverse  cracking. 


X-ray  inspectioti 
no  cracking. 
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SAKS  5-10 

AUTOMATIC  MIG  WELDING  PROCEDURES 


Material: 

1"  HY-130  plate 

Filler  Wire: 

0.092" 

diameter  "Special" 

Airco  Wire, 

Heat  R93T6 

Shielding  Gas 

(cubic  feet/hour) 

Backup: 

Argon, 

10  CFH,  First 

pass 

only 

Torch : 

Argon  1 

►  2$  0£,  50  CFH 

Root  spacing  for 
first  veld  pass: 

0.062”, 

,  butt  Joint 

Plate  Number 

1 

2' 

Pass  N.ynbcr 

1 

2A3 

4-l6 

1 

2&3 

4-15 

Voltage  (volts): 

Ire  t  ting 

BC-3.5 

BC-5 

BC-3 

BC-3.5 

BC-5 

BC-6 

Reading 

28 

30 

28 

28 

3° 

30 

Current  (amperes): 

Petting 

92 

3o 

85 

92 

65 

85 

Reading 

330 

300 

300 

330 

300 

340 

Torch  Travel  (in/nin) 

• 

• 

Setting 

20 

12.5 

Id 

20 

12.5 

Id 

Speed 

CO 

12.  r 

10 

20 

12.5 

16 

Wire  Extension  (in) 

3  A 

3/4 

3  A 

3A 

3A 

3/4 

Heat  Input 
(Joules/in) 

27,700 

43,200 

31,500  27,700 

43,200 

38,000 

Cabinet  Controls 

Inching 

35 

35 

35 

35 

35 

35 

Range  SV 

Lev 

Lov 

Lov 

Lov 

Lov 

Lov 

n . , '  -  v 

itk>UWfV 

O 

6 

a 

6 

6 

Slope 

*•1 

5 

t'. 

preheat  (0F'1 

Coo 

2O0 

Max .  I  nt*r  n^'  s  s 

Te*rp  t  F) 

ro 

225 

225 

225 

-e narks 


X-ray  Inspection  revealed 
transverse  crackirg. 


X-ray  inspection  revealed 
transverse  cracking. 
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SUU  5-11 

AUTOMATIC  MIG  WELDING  FBOCXDORBS 


Material: 

1",  HY-130  Plate 

Pillar  Wire: 

.045"  diameter  Alrco  608,  Heat  S6364 

Shielding  Gas 
(cubic  feet/hr) 

Backup: 

None 

Torch: 

50  CFH  Argon  +  2^>  02 

Root  Spacing: 

3/8”  butt  Joint 

Pass  Ho, 

1-4 

5-6 

7-9 

10-26 

Voltage  (volts): 

Setting 

AD-5 

AD-6.7 

AD-6.7 

AD-8.2 

Reading 

Current  (aaperes): 

25 

26 

26 

27 

Setting 

92 

92 

92 

100 

Beading 

180 

200 

200 

240 

Torch  Travel  ( in/rain) 

Setting 

16 

16 

15 

15 

Speed 

16 

16 

15 

15 

Wire  Extension  (in) 

5/8 

5/8 

5/8 

5/8 

Heat  Input  (joules 
per  in. ) 

17,000 

19,500 

21,000 

26,000 

Cabinet  Controls 

Inching 

35 

35 

35 

35 

Range 

Low 

I<rw 

Low 

Low 

Bum  back. 

4 

4 

4 

4 

Slope 

2 

2 

r\ 

C. 

2 

Preheat  (°P): 

225 

Max  Interpass  Teop 
(°P) 

235 

240 

240 

Tensile  Test  (pel) 

Speciaen  No. 

Fty 

Ftu  e 

P.A. 

Failure 

1 

121,000 

127,000  4 

17 . 3 

Weld 

2 

120,900 

129,100  4.5 

20.5 

Weld 

LTV  VOUGHT  AERONAUTICS  DIVISION 


Report  2-53100/5F-2179 

Pa«e  5.33 


SUES  5-12 

AUTOMATIC  MIQ  WLDDIG  PROCEOBS 
Material:  1"  HY-13C  Plate 

Piller  Wire:  O.0U5"  diameter  Oxveld  83,  Heat  62613B 

Shielding  Gas 

(cubic  feet/hour) 


Backup: 

Argon, 

10  CFH, 

First  pass  only 

Torch: 

Argon 

*  2*  02, 

50  era 

Root  spacing  for  first  veld  pass:  0.062",  butt  Joint 

Plate  Number 

1 

2 

3 

Pass  Number 

2 

1A3-25 

1 

2-20 

1 

2-22 

Voltage  (volts): 

Setting 

AD-2 

AD-  5  3 

AD-2 

AD-5.3 

AD-2 

AD-5.3 

Reading 

Current  (amperes) 

22 

*5 

22 

25 

22 

25 

8ettlng 

90 

92 

90 

92 

90 

92 

Reading 

160 

200 

I80 

200 

180 

200 

Torch  Travel 
(ln/mln) 

Getting 

20 

20 

20 

15.8 

20 

15.8 

Speed 

20 

20 

20 

15.8 

20 

15.8 

Wire  Extension  (in) 

3 A 

3/4 

Heat  Input 

(joules  per  In) 

12,000 

15,000 

12,000 

19,000 

12,000 

19,000 

Cabinet  Controls 

Inching 

35 

35 

35 

35 

35 

35 

Range  8V 

Lav 

Lov 

Lov 

Lov 

Lov 

Lov 

Buiuback 

6 

6 

6 

6 

6 

6 

Slope 

2 

2 

2 

2 

2 

2 

Preheat  (°F) 

Max  Interpass  Temp 

(°F) 

150 

170 

100 

120 

150 

170 

Tensile  Tests  (pel) 

Fty 

129 

129.3 

1  -a 

133 

130 

127.9 

Ftu 

131 

133.9 

138 

138 

13^9 

13' '.9 

e 

6 

7.5 

k 

5 

k 

6 

R.A. 

16 

18.5 

18.7 

22.2 

18.3 

18.9 

Failure 

Weld 

Weld 

Weld 

Weld 

Weld 

Weld 
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mai  5-13 

AUTOMATIC  MSS  WBLDIRO  FROCOORES 

Jteterial:  1"  TAl-2Cb-lTa  Titanium  Plate  for  preliminary 

tenelle  test  specimens 

Filler  Wire:  .062"  diameter  7Al-2Cb-lTe  titanium,  Heat  X2469 

Shielding  Oaa  (cubic  feet/hour} 


Backup: 

10  OT,  Argon 

Torch: 

50  CTO,  Argon 

Shield: 

90  CPH,  Argon 

Root  Spacing: 

l/l6 "  butt  Joint 

Paaa  No. 

l 

2-4 

5-7 

Voltage  (volts) 

Setting 

BC-4 

BC-6 

BC-6 

Reading 

31 

31 

30 

Current  (amperes) 

Setting 

100 

100 

100 

Reading 

250 

280 

300 

Torch  Travel  (in/ min) 

Setting 

18 

11 

11 

Speed 

18 

11 

11 

Wire  Extension 

3/1* 

5/8 

5/8 

Heat  Input  (Joules  per  in)  26,000 

47,500 

49,000 

Cabinet  Controls 

Inching 

35 

35 

35 

Range 

Lent 

Low 

Lov 

Burnback 

2 

2 

0 

Slope 

2 

2 

2 

Preheat  (°F) 

RT 

Max  Interpass  Temp.  (°F) 

250 

250 

Tensile  Tests  (pal 

Specimen  No. 

Fty  Ftu 

e 

h.A. 

Failure 

1 

110,600  124,000 

14 

30 

PM 

2 

110,200  124,000 

14 

23.5 

V 

PM  -  Parent  Metal 

V  •  Veld 
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fUU  5-1* 

AUTOMATIC  KIO  WILDING  PROCBXKEB 

Materiel:  1"  Ti  7Al-2Cb-lTa  Titanium  Plate  for  5"  dimeter 

patch  test  specimens 

Filler  Wire:  .062''  diameter  Ti  7Al-2Cb-lTa  Titanium 

Shielding  Gas  (cubic  feet/hour) 


Backup: 

Torch: 

Shield: 

Root  Spacing: 

Pass  No. 

5  CFH,  Argon 

50  CFH,  Argon 

90  CFH,  Argon 
l/l6" 

1 

2-* 

5-6 

Voltage  (volts) 

Setting 

BC-6 

BC-6 

BC-6 

Reading 

33 

32 

31 

Current  (amperes) 

Setting 

100 

100 

100 

Reading 

250 

260 

300 

Torch  Travel  (in/ min) 

R.P.M, 

1.15 

•  7 

.7 

Speed 

18 

11 

11 

Wire  Extension  (inches) 

3 A 

5/8 

5/8 

Heat  Input  (joules  per 

in)  27,000 

*9,000 

*9,000 

Cabinet  Controls 

Inching 

35 

35 

35 

Range 

Lov 

Lov 

Lov 

Buraback 

2 

2 

2 

Slope 

2 

2 

2 

Preheat  (°F) 

Max  Interpass  Temp  (°F) 

FT 

250 

250 

Weld  Results 

These  parameters  resulted  In  a  good  veld  vith  a  mlnimvai  of  porosity. 
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I/TV  YOWJHT  AERONAUTICS  DIVISION 

MBS  3-13 

AUTOMATIC  MIG  VBLUDfG  HtOCPBBB 

Material:  l/2"  7Al-2Cb-lTa  Titanium  Plate  for 

5"  diameter  patch  teat  specimen 

Filler  Wire:  .062"  diameter  7Al-2Cb-lTa  Titanium 

Shielding  Gas  (cubic  feet/hour) 


Backup: 

15  CFH,  Argon 

Torch: 

50  CFH,  Argon 

Shield: 

90  CFH,  Argon 

Root  Spacing: 

l/l6  inch 

Pass  Bo. 

1 

2 

Voltage  (volts) 

Setting 

BIKU.5 

BD-1.5 

Reading 

35 

33 

Current  (amperes) 

Setting 

100 

100 

Reading 

300 

300 

Torch  Travel  ( in/min) 

R.F.M, 

1.1 

.51 

Speed 

17 

O 

0 

Wire  Extension  (inches) 

5/8 

5/8 

Heat  Input  (Joules  per  in) 

37,000 

7k,cxr> 

Cabinet  Controls 

Inching 

35 

35 

Range 

Low 

low 

Buraback 

A 

C 

4_ 

Slope 

? 

« 

Preheat  (°7) 

RT 

Max  Interpass  Temp  ( °P ) 

?50 

Well  Results: 

These  parameters  resulted  In  a  good  weld  with  a  ■lnle,~a  of  porosity. 
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ttEI  5-16 

AUTOMATIC  ICO  WELDING  FROCXDQB8 

Material:  1"  7Al-2Cb-lTa  Titanium  Plate  for  all 

final  teat  specimens 

Filler  Wire:  0.62"  diameter  7Al-2Co~lTa  Titan  list 

Shielding  Oas  (cubic  feet/hour) 


Backup: 

10  CFH,  Argjn 

Torch: 

60  CFH,  Argon 

Shield: 

100  CFH,  Argon 

Root  Spacing: 

3/8"  -  25°  Bevel  Angle  -  l/l6"  Land, 

butt  Joint  (Uae 

1/8"  thick  ahlm  under 

center  of  Joint 

to  offset  varpage . ) 

Pass  Ho. 

1  i  3-n 

2 

Voltage  (volts) 

Setting 

BC-7 

BC-7 

Reading 

31 

29 

Current  (amperes) 

Setting 

95 

95 

Reading 

290 

320 

Torch  Travel  (in/ain) 

8ettlng 

5.4 

4.9 

Travel 

18 

16 

Wire  Extension  (inches) 

5/8 

5/8 

Beat  Input  (joules  per  In) 

30.000 

Vi,  coo 

Cabinet  Controls 

Inching 

35 

35 

Range 

Lov 

Lov 

Burnbeek 

a 

£ 

O 

L 

Slope 

2 

? 

Preheat  (°F) 

FT 

Max  Interpass  Temp  ( °T ) 

250 

Weld  Results 

These  parameters  resulted 

in  a  good  veld  with 

a  minimum  of  porosity 
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trju  $.17 

AUTOMATIC  MIO  H!  12X016  IBOCXDQBBS 

Material:  l/k”  11  7Al-2Cb-lTa  Titanium  Plate 

Filler  Wire:  .062"  diameter,  7Al-2Cb*lTa  Titanium 

Shielding  Gaa  (cubic  foot/hour) 

Backup:  10  CFH,  Argon 

Torch:  60  CFH,  Argon 

Shield:  100  CFH,  Argon 

Root  Spacing:  l/l6"  -  25°  Bevel  Angle  -  l/l6"  Land,  butt  Joint 


Pase  «fo,  1 

Voltage  (volte) 

Setting  BC-6.8 


Reading 

31 

Current  (amperes) 

Setting 

100 

Reading 

350 

Torch  Travel  (in/min) 

Setting 

5.9 

Travel 

a-' 

Wire  Exteneion  (inches) 

5/8 

Heat  Input  (Joules  per  in) 

32,500 

Cabinet  Controls 

Inching 

35 

Range 

Low 

Burnback 

2 

Slope 

2 

Preheat  (°F) 

RT 

Weld  Results: 

These  parameters  resulted  in  a  good  weld  with  a  minimum  of 
porosity. 
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TABU  5-lB 

A17T0MATIC  MIG  WELDING  PROCHWRES 

Material:  1-3/8"  17-4FH  Stainless  Steel  Casting 

Filler  Wire:  .045"  diameter  17-4PH  stainless  steel 

Shielding  Gas  (cubic  feet/hour) 

Backup:  3.5  CFH,  argon 


Torch:  30  CFH  argon  for  1st  through  5th  passes;  30  GFH  argon 

♦  2°  O2  for  6th  through  13th  parses 


Root  Spacing: 

Pass  No. 

1/16  inch, 

1 

butt  Joint 

2 

0 

7-13 

Voltage  (volts) 

Setting 

BC-6 

BC-5 

BC-4.5 

BC-4.5 

Reading 

32 

32 

30 

30 

Current  (amperes) 

Setting 

90 

90 

85 

85 

Reading 

300 

220 

300 

300 

Torch  Travel  (in/ min) 
Setting 

Travel 

5.4 

18 

10.7 

10.7 

5*4 

18 

Wire  Extension  (in) 

3/4 

3/4 

3/4 

3/4 

Heat  Input 

32,000 

39,400 

50,500 

30,000 

(joules  per  inch) 

Cabinet  Controls 

Inching 

35 

35 

35 

35 

Range 

Low 

Lov 

Lov 

Lov 

Bumback 

6 

6 

6 

6 

Slope 

2 

2 

2 

p 

Preheat  (°F) 

Remarks : 

none 

Pass  #13 
vas  seeding 
pass  on 
back  side. 

Weld  Results: 

Internal  cracks  were  found  in  veld  during  machining  of  test  specimens. 


% 
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StiCS  5.19 

MANUAL  TIG  WILDING  PRCCgDCRBS 

Material:  1-3/8"  17-4ra  Stainless  Steel  Casting 

Filler  Wire:  .062"  disaster  17-4FH  Stainless  Steel 

Shielding  Qas  (cubic 
feet/hour) 

Torch:  18  CFH,  Argon 


Root  Spacing: 

l/l6"  -  25° 

Bevel  Angle  -  l/l6" 

Land,  butt  Joint 

Trial  No. 

1 

2 

3 

Pass  No. 

1 

1  2 

1 

2 

Voltage  (volts) 

18-20 

18-20 

18-20 

18-20 

Current  (amperes) 

180-200 

180-200 

180-200 

180-200 

Preheat  (°F) 

None 

275 

None 

Max.  Interpass  Temp.  (°F) 

450 

300 

i  Filler  Wire 

10 

20  20 

80 

80 

Results 

Centerline 

Cracking 

Centerline 

Cracking 

Both  Passes 

Several 

Shoort 

dA") 

Center- 

Line 

Cracks 

Good 

Trial  Ho. 

3 

3 

Pass  Wo. 

3-10 

11  to  completion 

Voltage  (volts) 

18-20 

18-20 

Current  (aaperes) 

100-200 

180-200 

Preheat  (°F) 

— 

— 

Max.  Interpass  Teorp  (°P) 

275-325 

275-325 

$  Filler  Wire 

--- 

— 

Result* 

Good  -  Plate 

Warped  21.5° 

Good  Weld 

ltv  vouearr  aeronautics  division 
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TAKE  5-20 

AUTOMATIC  MIG  WELDING  PR 


Material: 

Filler  Wire: 

Shielding  Gao  (cubic 
feet/hour ) 

Backup: 

Torch: 

Root  Spacing: 


1-3/8"  CI>-4  MCu  Plate 

.062"  diameter,  CD-4  MCu,  Heat  WIOO67 

15  CTB,  Argon 
50  CFH,  Argon  +  2$  Og 
l/l6-inch,  butt  Joint 


Pass  No. 

1 

2 

3-5 

6-10 

Voltage  (volts) 

Setting 

BC-1.5 

BC-2.5 

BC-2.5 

BC-4.5 

Reading 

Current  (amperes ) 

30 

27 

27 

30 

Setting 

85 

87 

87 

87 

Reading 

300 

300 

290  * 

300 

Torch  Travel  (in/min) 

* 

Setting 

18 

10.7 

9 

9 

Speed 

18 

10.7 

9 

9 

Wire  Extension  (inches) 

3A 

3  A 

5/8 

5/8 

Heat  Input  (joules  per  in) 

30,000 

44,000 

48,000 

60,000 

Cabinet  Controls 

Inching 

35 

35 

35 

35 

Range 

Lov 

Lov 

Lov 

Lov 

Burnback 

6 

6 

6 

6 

Slope 

2 

2 

2 

2 

Preheat  (*V) 

Max  Interpass  Temp  (°F) 

HT 

300 

Weld  Results: 

Internal  cracks  were  found  in  veld  during  machining  of  test  specimens. 
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Figure  5 .07  Equipment  used  for  NIG  ( Metal  Inert  gas)  veiling,  shoving 
the  tool  used  to  hold  the  plates  during  veld log. 
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FIGURE  S  /o 

WELD  GROOVE.  GEOMETRY 

(user?  por  weL.DiKjq  hy-iso  amd 
Ti.-lAI-2Cb-llX,  ecrru  '/4‘  PLAT ES) 


GROOVE  klQ.  1 


GROOVE  UO.  2 


Figure  5.11  Cruss  section  of  a  MIG  weld  in  1  inch  HY-130  plate  with  a  3/8 
r^ot  spacing  and  a  l/2  X  l/2  inch  simulated  rib.  3.5X 


K'gure  5.12  Cross  section  of  a  MIO  weld  in  a  1  inch  thick  titanium  plate 
with  a  3/8  inch  root  spacing  and  a  1/2  by  1  ln'h  simulated 

Plb.  3 . 5X 
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Figure  5.13  View  showing  warping  of  a  1-3/8  Inch  thick  17«*PH  stainless  steel 
•anually  TIO  welded  under  no  restraint.  Plate  was  positioned  at  1 
reverse  angle  before  welding  and  warped  to  a  9-l/2°  positive  angL 
groove  was  filled  to  a  depth  of  5/8  Inch  with  filler  aetal. 


Report  2- 5 3100/5*- 2179 

Page  6.1 

I/TV  VOIXHT  AERONAUTICS  MVISIOH 


6.0  C0RCLUBI0R8  AID  RBCQMCNIATIOKS 


6.1  MIL-S-16216  (HY  130) 

Heat  treated  to  the  130-150  KSI  field  strength  range  and 
protected  with  a  coating,  KIL-S-l62l6  (HY  130)  la  a  eul table  Material  for 
a  90  knot  hydrofoil  construction. 


6.2  MOSITB  60125 

Uncured  neoprene  stock  with  a  Shore  A  hardness  of  TO  cured  in 
place  CMi  the  foil  In  an  O.OdO  Inch  thickness  will  resist  30  days  exposure 
to  90  knot  impingement  erosion  and  cavitation  erosion  of  150  fps  velocity 
In  the  KASL  rotating  disc  test. 


6.3  T1  7Al-2Cb-lTa 

Tltanl’jB  7Al-2Cb-lTa  Is  a  desirable  Material  for  hydrofoils  In 
toughnes.  strength  to  weight  ratio,  and  resistance  to  iaplngeaent  and  static 
corrosion,  It  can  be  ec onc»i e ally  fabricated  Into  foils  by  standard  pro¬ 
duction  methods,  The  abort  comings  of  this  alloy  are  that  It  has  a  lower 
corrosion  fatigue  life  than  expected.  Is  subject  to  stress  corrosion  cracking 
under  high  stress  concentrations  In  a  Marine  environment,  ana  has  a  high 
aetal  loss  rate  under  severe  cavitation  conditions.  The  advantages 
potentially  available  In  a  titanium  foil  and  strut  thus  cannot  be  obtained 
without  alloy  modifications. 


6.4  17-4PH  CASTINGS 

Precipitation  hardening  stainless  steel  17 -4m  castings  with 
the  chemistry  used  in  this  program  and  given  a  H-1100  age  Is  a  suitable 
material  f  ■  experimental  foil  castings . 


6.5  CD^MCu  CASTIHOe 


This  tLLijy  stress  corrosion  cracks  under  a  variety  of  heat 
treatments  and  chemistries,  so  t:.at  in  Its  present  state.  It  Is  not  suitable 
for  experimental  foil*  and  struts  which  would  be  subject  to  constant  stresses. 
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1.0  PHASE  I  l*TA  SUKHAHY 
1  . 1  INTRODUCTION 

A  summary  of  the  most,  significant  parameters  for 
TI-6AI-4V,  Ti-ftAl-2Cb-iTa,  AISI  UjjOM  and  HY  100  compiled  during 
the  Phase  I  literature  survey  are  presented  in  Table  1-1. 


Y‘Tt 


LTV  VOUGHT  AH.OfL>UTTCS  DIVISION 


2.0  PHASE  II  DATA  SUJfiARY 
2. 1  INTRODUCTION 

The  following  tables  and  figures  present  all  pertinent  data 
developed  during  Phase  II  and  early  Phase  III  testing  for  Ti  6A1-4V, 
TT8Al-2Cb-nh,  AISI  43?CW  and  HY  130.  This  information  is  not  considered 
adequate  for  design  purposes  and  should  not  be  used  as  such.  Every  effort 
has  been  made,  however,  to  make  all  data  presented  as  complete  as  possible 
by  including  and  referencing  information  concerning  test  method,  heat 
treatment  procedures,  welding  procedures,  material  chemical  composition, 
and  coating  application  methods. 

Section  2.5  has  been  expanded  to  include  all  sea  water  static 
corrosion  data  accumulated  during  Phases  II  and  III.  Although  most  of  the 
dataarefor  materials  not  evaluated  in  Phase  III,  the  amount  and  nature  of 
the  data  makes  complete  reporting  imparative. 

Section  2.10  includes  static  immersion,  seawater  Impingement, 
and  cavitation-erosion  data  for  all  coating  systems  evaluated  in  Phase  II. 
Static  immersion  and  cavitation-erosion  tests  were  performed  on  a  relatively 
small  number  of  coating  systems  and  all  details  of  the  systems  are  included. 

A  large  number  of  coating  systems  were  tested  for  resistance  to  high 
velocity  sea  water  impingement,  and,  although  complete  details  of  each 
system  are  not  presented,  sufficient  information  is  included  to  indicate 
the  general  performance  characteristics  of  the  various  systems  when  class  if led 
by  generic  type,  thickness,  hardness,  surface  preparation  and  application 
met  hod . 
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2.2  TENSILE  PRC  PER  mS 

TVnslle  properties  Tor  0.050  inch  and  0.250  Inch  Phase  II 
steel  and  titanium  alloys  are  presented  In  Table  2-1.  These  data  were 
used  to  establish  a  base  line  of  10  percent  elongation  In  2  inches  fra* 
which  o'her  properties  of  the  material  were  compared  and  to  obtain  the 
tensile  yield  of  0.050  Inch  material  for  the  calibration  of  stress 
corrosion  specimens. 

Data  presented  In  Thbl.*s  2-2  and  2-3  were  obtained  during 
the  Phase  TI  supplemental  program  to  permit  additional  comparisons  of 
the  materials. 

Thble  2-i»  indicates  the  effects  of  Interstitial  chemistry 
and  tempering  temperature  on  the  tensile  properties  of  Tl  6A1-^V.  Tables 
2-5  and  2-6  present  data  concerning  the  effects  of  tempering  temperature 
and  time  on  the  tensile  properties  of  HY  130  and  AISI  **33CM. 

Additional  tenslLe  data  for  Phase  III  materials  are  presented 
In  Section  U.l  of  the  basic  report. 


TENSILE  TEST  DATA  FOR  STEEL  AND  TITANIUM  ALLOYS 


TABLE  2-3 
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l825*F  -  1  hr.,  air  cool,  1075#F  -  8  hrs,  air  cool.  Welded  by  Reactive  Metals,  Inc. 
Caapoeltion  per  IHble  U-17beaic  report. 
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TABI£  2-S 


TENSILE  TEST  DATA  FOR  UNWELDED  HY  130  USING 
VARIOUS  TEMPERING  TSMPERATURZS  AND  TIMES 


TEMPERING 
TEMPERATURE 
(°F)  (1) 

TIME  AT 
TBCPERATURE 
(HRS.) 

(&) 

ptu 

(KSI) 

ELONGATION 

(*) 

REDUCTION 

IN  AREA 

1070 

2 

138. T1 2 

149.8 

18.0 

62.8 

1070 

8 

127.1 

138.3 

19.0 

66.0 

1075 

2 

141.53 

161.5 

17.0 

62.7 

1080 

2 

138.3 

148.3 

17.0 

65.0 

1080 

4 

116.3 

137.9 

20.0 

70.5 

1080 

6 

113.4 

126.7 

20.0 

73.5 

1085 

2 

136.0 

16O.3 

17.5 

63.2 

1085 

4 

139.9 

150.0 

18.5 

63.4 

1090 

2 

136.0 

147.8 

18.0 

64.1 

1090 

4 

121.3 

133.4 

19.0 

68.5 

1095 

2 

132.0 

142.  ( 

18.5 

67.5 

1095 

6 

116.8 

130.3 

19.5 

70.5 

1100 

2 

109.5 

125.3 

20.0 

_ 

64.6 

(1)  Material  quench  hardened  before  tempering.  See  Tfcble  4-17  for 
ccapoeltlona . 

(2)  Average  values  for  2  specimens  except  as  noted.  All  specimens 
1/2"  diameter. 

(3)  Average  values  for  4  specimens. 
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TABLE  2-6 


TENSILE  TEST  DATA  FOR  UNWELDED  AISI  433CH 
USING  VARIOUS  TOTH* DM  TBtPERA  TURNS 


TEMPERING 
TEMPERATURE 
(°F)  (1) 

(raft 

Ftu 

(KBI) 

ELONGATION 

(*) 

REDUCTION 

IH  AREA 

(i) 

950 

189. 92 

198.4 

14.8 

55.0 

1000 

181.8 

189.8 

15.7 

57.4 

1050 

18s  1 

193.8 

16.0 

57.1 

1100 

172.7 

179-9 

15.7 

57,9 

1200 

131.1 

142.1 

18.3 

62.3 

1250 

112.3 

123.5 

20.7 

65.O 

(l)  Material  received  the  following  heat  treatment  before  double 
tempering  for  4  hours  at  indicated  temperature: 


a.  1550  -  i625°F 

b.  Oil  Quench 

0.  850°F  -  2  hrs.,  air  cool 

d.  05C°F  -  2  hrs.,  air  cool 

*.  Weld  (Above  material  not  velded) 

f.  825°F  -  ?  hra. ,  air  cool 

g.  925°F  -  2  hra.,  air  cool 

See  Table  4-17  basic  report  for  material  composition. 

(2)  Average  values  for  3  specimens.  All  specimens  1/2”  diameter. 
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2 . 3  FRACTURE  TOUGHNESS 


Fracture  toughnetn  character istics  were  determined  by 
Charpy  V  Notch  Impact  test  using  a  Pir.us-Olsew  Impact  Tester  having  a 
striking  velocity  of  16.5  ft. /sec.  Specimens  were  cooled  in  dry  Ice 
and  alcohol  and  the  temperature  checked  with  thermocouples.  Screening 
test  data  for  unwelded  and  welded  material  at  0*F  are  presented  in 
Table  2-7. 


Drop-weight  nil  ductility  tests  were  run  on  Ti  6A1-4V  and 
the  results  reported  in  Thble  3-^»  reference  3;  however,  the  test  method 
and  results  are  somewhat  questionable  and  the  results  are  not  considered 
valid. 

Additional  fracture  toughness  for  Phase  III  materials  are 
presented  in  Section  k.k  of  the  basic  report. 
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TABLE  2-7 

CHARFY  V  NOTCH  IMPACT  DATA 
(TEST  TEMPERATURE  -  08P) 


MATERIAL^1) 

SPECIMEN 
TYPE  (2) 

ASTM 

E  23-60 
SPECIMEN 
TYPE 

ENERGY 
ABSORBED 
(FT.  -LB. ) 
(3) 

BEND  ANGLE 
BEFORE 
FRACTURE 
(DEGREES)  (4) 

TYPE  FAILURE 
(5) 

W  (a,d,f ) 

HTH 

6.7 

3 

Ductile 

TI  6A1-4V 

U  (a,d,f ) 

»Ki| 

15.0 

4 

Ductile 

W  (a,d,f ) 

mam 

29  (8) 

10 

Ductile 

TI  8AL-2CB-1TA 

W  (b,d,f) 

A  (6) 

14.5 

4 

Ductile 

AISI  4330M  FOR 
CLADDING 

U  (c,e,g) 

W  (9) 

5.0 

7 

Ductile 

W  (a,d,f) 

A  (6) 

4.3 

1 

Mixed 

AISI  4330M  FUH 

U  (a,d, f) 

A  (7) 

16.0 

4 

Ductile 

COATING 

W  (a,d,f) 

A  (7) 

9.0 

4 

Mixed 

U  (c,e,g) 

W  (9) 

5.1 

7 

Ductile 

HY  100  FOR 

CCA  TING 

W  (a,d) 

A  (6) 

23.8 

1 

7 

Ductile 

(l)  a.  Heat  treatment  per  Table  3-18,  Reference  3» 

b.  Hot  rolled  and  annealed. 

c.  Heat  treatment  per  Table  1,  Appendix  D;  Reference  2. 

d.  Composition  per  Tfeble  3 - 19 >  Reference  3* 

e.  Composition  per  TAble  1,  Appendix  C;  Reference  2. 

f.  Welding  per  Tables  3.39,  3-41  and  3.35,  Reference  3- 

g.  Welding  per  Section  2.0,  Apnendix  D;  Reference  2 


(2)  W  -  Welded,  U  -  Unwelded 
surfaces. 


Notch  perpendicular  to  original  material 
(3)  Bend  angle  determined  per  diagram: 


Fracture 


(5) 

(6) 

(7) 

(8) 

(9) 


Bend  *ngle 


Determined  by  fractured  surface  appearance  and  bend  angle. 
Specimens  0.25"  wide  from  1/4"  plate. 

Specimens  from  1"  plate. 

Average  of  2  specimens. 

Specimens  from  l/4”  plate. 
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2.4  BEND  DUCTILITY  OF  WELDS 


Bend  tests  were  performed  on  Ti  6A1-4V  to  determine  the 
soundness  of  welds  and  the  quality  of  fusion  to  the  base  metal.  The 
results  are  presented  In  Tfcble  2-8. 

Comparison  of  bend  angles  before  fracture  Indicates  a 
significant  decrease  for  the  welded  material,  however,  examination  of 
the  specimens  shows  that  plastic  deformation  was  confined  to  the  weld 
material,  but  extended  over  a  considerably  larger  distance  for  the 
unwelded  material.  For  this  reason  the  results  of  this  test  are  not 
considered  evidence  of  unacceptable  mechanical  properties  of  as-welded 
Ti  6A1-4V. 


LTV  VCXJGH T  AERONAUTICS  DIVISION 


APP.  A,  2- 53 100/ 5P-? 1 79 
PAGE  1.15A 


TABLE  2-8 


BEND  TEST  DATA  FOR  1.0  INCH,  UNWELDED  AND 
WELDED  TI  6AL-UV  (l) 


SPECIMEN 

NUMBER 

TYPE 

SPECIMEN 

(2) 

BEND  ANGLE 

BEFORE  FRACTURE 

(degrees)  (3) 

LOCATION 

OF 

FAILURE 

1 

Unwelded 

33° 

Parent  Metal 

(M 

(6) 

2 

Unwelded 

35° 

Parent  Metal 

3 

Welded 

20° 

Weld 

(5) 

(6)(7) 

k 

Welded 

20° 

Weld 

(1)  Heat  treatment  per  TAbie  3-18,  Composition  per  Tteble  3-19  and 
Welding  per  TAble  3-15,  reference  3- 

(2)  Soecltaen  1"  x  5"  x  10"  with  transverse  weld  across  5"  width. 

(3)  Bend  angle  before  fracture  ( Q  )  measured  as  *'ol  ,.ows: 


(M  Fty  -  138  Ksi 

(5)  Fty  --  120  Ksi 

(6)  Approximately  9^  neck-down  on  tension  side  of  specimen. 

(7)  No  defects  detected  in  weld. 
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2.5  STATIC  CORROSION 

2.5*1  Static  corrosion  specimens  were  fabricated  by  LTV  for  all 

unclad  and  uncoated  Riase  II  materials  except  CP  Ti  and  exposed  in  sea 
water  at  the  International  Nickel  Company's  Harbor  Island  (Kure  Beach) 
Corrosion  Laboratory,  Wrlghtsville  Beach,  North  Carolina.  TVo  unwelded 
(excluded  for  Haatelloy  C)  and  two  transverse  welded  specimens  4"  x  12"  x 
1/4"  were  prepared  for  the  following  exposure  periods. 

a.  Removed  Monthly 

b.  6  Months 

c.  12  Months 

d.  24  Months 

e.  48  Months  (not  completed) 

After  fabrication,  specimens  were  marked  with  material  ard 
specimen  identification  numbers,  vapor  honed,  weighed  to  the  nearest 
tenth  of  a  gram  and  the  length,  width  and  average  thickness  determined. 

At  Harbor  Island,  specimens  were  mounted  in  test  racks  using  non-metalllc 
Insulators  and  imaersed  in  sea  water  ^low  the  tidal  zone. 

2.5.2  SIMULA MAINTENANCE  CORROSION  TESTS 

TVo  unwelded  and  two  welded  specimens  were  removed  from 
test  every  month  for  lb  months,  thoroughly  cleaned  and  examined  for 
(l)  corrosion  rate,  (2)  pitting  and  crevice  corrosion,  (3)  galvanic  er;>vtc 
and  (4)  amount  and  type  of  fouling.  The  maximum,  minimum  mu  average  w*,t.*»r 
temperatures  during  the  test  period  were  recorded  and  photographs  main  of 
significant  damage.  Specimens  were  then  returned  to  test. 

2.5.3  CONTINUOUS  STATTC  EXPOSURE 

Spec  ime...;  f  'r  cont  inuous  exoosure  were  i  a  the*  **nd 

of  the  test  period,  cleaned  and  examined  l«;.»crice  \  *'-v 

2.5.4  RESULTS 

Static  corrosion  data  for  materials  that  showed  no  pitting  and 
only  minor  crevice  corrosion  damage  are  presented  in  Tbbles  2-'*  * hreugh 
2-15  for  specimens  removed  at  monthly  Intervals  and  exposed  continuously 
for  6,  12  and  24  months.  Static  corrosion  rates  for  these  materials  are 
compared  in  Figure  2.1  and  typical  specimens  after  two  years  continuous 
immersion  are  shown  in  Figures  2.3  and  2.4 

Static  corrosion  data  for  materials  that  showed  considerable 
pitting  and  crevice  corrosion  damage  are  presented  in  Tables  2-16  through 
2-27.  Static  corrosion  weight  losses  for  these  materials  are  compared  in 
Figure  2.2.  Corrosion  rates  are  not  shown  because  the  rates  would  be 
misleading  due  to  the  un-uniform  material  loss  of  the  specimens.  K  Monel 
and  17-41*  specimens  after  two  years  continuous  lmerslon  are  shown  in 
Figure  2.5  and  AM  >55  (Cast)  and  CD  4  MCu  (Cast)  specimens  after  one  year 
continuous  lmaers  are  shown  in  Figure  2.6. 
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The  static  corrosion  data  for  specimens  removed  monthly 
for  lb  months  were  extrapolated  to  2b  months  assuming  that  exposure 
conditions  and  results  (water  temperature,  fouling  rate,  weight  ^ose 
etc.)  for  the  18  to  2b  month  period  would  be  the  same  as  for  the  6 
to  12  month  exposure  period.  This  extrapolation  permitted  a  comparison 
of  2b  month  continuous  ijmsersion  'lata  and  data  for  monthly  removal 
specimens  projected  to  2b  months. 

Static  i»mfrslon  results  for  Phase  II  coating  system-*  are 
presented  in  Section  2.10.1,  Appendix  A  and  for  Fhaae  III  coating  systems 
in  Section  k.7  of  the  basic  report. 

Material  compositions  are  shcvn  in  Tkble  1,  Appendix  C;  heat 
treatment  in  Table  1,  Appendix  D;  and  welding  procedures  are  outlined  on 
pages  k.03  through  4.20  of  reference  2. 
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INCONEL  7lf 
WELDED  AND 
UNWELDED 


Continuous 


Removed 

Monthly 


INCONEL  718 
WELDED  WITH 
RENE'  41 
FILLER  WIRE 


Continuous 


Removed 

Monthly 


TT  6AL-4V 
WELDED  AND 
UNWELDED 


Continuous 


IE 

li 


oved 

thly 


TI  "AL-2CB-m 
WELDED  AND 
UNWELDED 


Continuous 


Removed 
Monthly 
(1) 


BERYLLIUM 
COPPER 
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WELDED  AND 
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ON  HY  1 00 

WELDED  ONLY 


HASTELLOY  C 
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ON  AISI  4330M 
WELDED  ONLY 


Continuous 
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Monthly 

(1) 

Continuous 

Removed 

Monthly 

(D 

Continuous 


Removed 

Monthly 

(1) 
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(l)  Cumulative  values 
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FIGURE  2.1  STATIC  CORROSION  RATES 
(NO  PITTING  AND  MINOR  CREVICE  CORROSION) 
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?.  3.  STATIC  CORROSION  SPECIMENS  AFTER  TWO  TEARS  CONTINUOUS  IMMERSION  U  SEA  WATER 
NO  PITTING  AND  MINOR  CREVICE  CORROSION. 
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PI  (JURE  2.4.  STATIC  CORROSION  SPECIMENS  APTER  WO  YEARS  CONTINUOUS  D#<ER5IGN  IN  SEA  WATER 
NO  PITTING  AND  MINOR  CREVICE  CORROSION. 
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(l)  Welded  with  Arcoa  Bo.  327  Chrcuener  tiler  wire.  (2)  K'fjc  (j)  Surface  (4)  Weld  (5)  HAZ  *Perforatlon(»)  ***xtrapol»t€d 
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•Extrapolated  Value 
Density 

(2)  CvxtuLatlve  value* 


FIGURE  2.2  Static  Corrosion  Weight  Lo**es  for  Material* 
with  Pitting  anl  Crevice  Corrosion 
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FIGURE  P .  ^ .  WELDED  STATIC  CORROSION  SPECIMENS  AFTER  WO  YEARS  CONTINUOUS  IMMERSION  IN  SEA 
WATER,  SHOWING  PITTING  AND  CREVICE  CORROSION. 
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2.6  STRESS  CORROSION 

2.6.1  Bent  beam  stress  corrosion  specimens  were  fabricated  from 
0.050  inch  material  and  exposed  at  the  International  Nickel  Company's 
Harbor  Island  (Kure  Beach)  Corrosion  Laboratory.  The  specimens  were 
stressed  to  approximately  90#  of  the  0.2#  offset  yield  strength  as 
determined  by  tensile  test.  Specimens  were  stressed  in  Jigs  having  a 
fixed  length  of  7.000  inches  and  lengths  were  determined  to  place  the 
middle  l/3  of  the  specimen  under  the  desired  stress.  Specimens  were 
exposed  to  sea  water  imnersion  only,  sea  water  immersion  for  6  months 
and  in  the  80’  lot,  and  in  the  80'  lot  only. 

Data  for  the  initial  tests  of  the  titanium  alloys  and  coated 
and  uncoated  steel  alloys  are  presented  in  Table  2-28.  Additional  tests 
were  run  on  welded,  uncoated  AISI  4330M  in  the  30’  lot  to  determine  if 
the  cracking  reported  in  Table  2-28  was  a  result  oi  stress  corrosion  or 
welding.  The  results  of  these  tests  are  reported  in  Table  2-30. 

2.6.2  Three  and  five  inch  diameter  restrain  welded  l/4  inch  and 
1.0  inch  specimens  of  the  Ti  6A1-4V  and  steel  alloys  were  placed  in  the 

80 '  lot  to  determine  stress  corrosion  susceptibility.  The  residual  stresses 
in  these  specimens  should  more  closely  simulate  the  stresses  to  be 
encountered  in  service  than  do  the  stresses  in  the  bent  beam  specimens. 

The  results  of  these  tests  are  shown  in  Thble  2-29.  Additional  restrained 
weld  exposure  results  for  Phase  III  materials  are  presented  in  Section  4.5 
of  the  basic  report. 


BENT  BEAM  STRESS  CORROSION  DATA 

(JIG  LENGTH  -  T.O  INCHES,  SPECIMENS  -  T  *  0.050",  W  *  1.0",  L  TO  OBTAIN  90 £  F 
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TABIZ  2-30  (Continued) 

(1)  Heat  treatment  per  Table  3-18,  reference  3,  Composition  per  Table  3-19 
and  Welding  per  Table  3-11,  reference  3. 

(2)  T  •  Transverse,  L  -  Longitudinal 

(3)  Middle  l/3  of  specimen  Immersed. 

(k)  Protected  from  atmosphere  with  polyethylene  bags. 

(5)  Approximately  90i  of  Fty. 
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2 . 7  ffiOSION-CORROSION 


Resistance  of  Materials  to  high  velocity  sea  water 
Impingement  erosion -corrosion  was  determined  using  the  LTV  Jet  erosion 
test  facility  located  at  the  International  Nickel  Company's  Harbor 
Island  (Kure  Beach)  Corrosion  Laboratory,  Vrlghtsvllle  Beach,  I.C. 

Metal  specimens  l/2  inch  in  diameter  end  l/4  inch  thick  were  mounted 
in  nylon  holders  and  subjected  to  90  knot  sea  water  Impingement  for  30 
days  at  an  lmplogesmnt  angle  of  45*.  Bros ion -corrosion  rates  were 
determined  from  specimen  weight  loos  during  exposure.  Coatings  were 
evaluated  by  coating  AISI  4330M  specimens  of  the  seme  site  as  the  nylea 
holders.  Results  were  determined  visually. 

Erosion-corrosion  data  for  steel  and  tltanlimi  alloys  are 
presented  in  Tbble  2-31.  Results  for  Phase  II  coating  systems  are  shown 
in  Section  2.10.2,  Appendix  A  and  for  Phase  III  coating  systems  in 
Section  4.7  of  the  beslc  report. 


<«  raicrr,  4^,  r.EA  watm»  DCimsaian  ehocioii  -  txmnoeioii  data 


LTV  VOUCH?  ABKMAUTIC3  DIVISION 


APT.  A,  P-M100/5B-21T9 
PA  (BE  1.50A 


APP.  A,  2-53100/5R-2179 
Page  l.^LA 


LTV  VOUGHT  AERONAUTICS  DIVISION 


P.fl  CAVITATION-CORROSION 

The  cavi tat ion- corrosion  resistance  of  materials  was 
evaluated  using  the  magnetostricture  method  at  LTV  and  the  rotating 
disc  teat  at  NASL.  Details  and  results  of  these  tests  are  presented 
in  Tables  2-32  and  2-33.  The  magnetostricture  data  from  Table  2-32 
are  plotted  in  Figure  2.7.  The  cavitation  rates  shown  in  Table  2-32 
were  obtained  from  the  straight  line  portion  of  these  curves. 

Cavitation-erosion  data  for  Phase  II  coating  systems  are 
presented  in  Section  2.10.3  end  for  Phase  III  systems  in  Section  4.7 
of  the  basic  report. 
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TABLE  2-32 


MAGNETOS'® ICTURE  CAVITATION-CORROSION  DATA^ 


1  (?) 
material'  1 

TI  6AL-4V 

TI  8AL-2CB-1TA 

AISI  4330 

FOR  CLADDING 

HY  100 

FOR  CLADDING 

^^^SPEC.  NO. 

1 

CUMULATT 

l 

VE  VT.  LOSSES 

p 

(MILLIGRAMS) 

O 

15  Min. 

0 

0.4 

2.8 

C 

4.7 

30  Min. 

0 

0.9 

5.7 

11.1 

45  Min. 

0 

1.1 

8.4 

17.7 

1  Hr. 

0.3 

1.3 

0.5 

11.8 

24  3 

2  Hrs. 

1.4 

?.9 

1.3 

17.8 

49.5 

3  Hrs. 

4.2 

5.4 

2.7 

27.9 

73-1 

4  Hrs. 

5.6 

6.4 

4.3 

35.3 

91.0 

5  Hrs. 

8.  l 

6.5 

6.3 

45.? 

105.4 

•j  Hrs. 

10.  7 

a  t 

.  ‘ 

8.? 

52.5 

»  O  -  < 

7  Hrr . 

.1.7 

11." 

.  P 

-- 

•!  ^T-r  . 

1- .  1 

H.  “ 

* 

*■  -  • 

*  t 

Stabilized 

Rate  (Mg, Hr.) 

?  .  ? 

]  .7 

^  .  d 

*.  *  .  C 

1  ■■  -  -4 

Rate 

( Inches/Tear ) 

o.8^6 

0 .  Wjv 

0 . 6*,? 

2.00 

..  .  Id 

Hardness 

Rc-35 

Pc-r 

S 

Pc-*  < 

(l)  Double  \*pl  l  *  ude  -  O.CKU  Inches.  Frtq^e'.cy  -  22, -XX  CPS.  Sea  Water 
Tsw  per at ure  -  ?  t?  F.  5pe~  iaer.  *  '  .  62^  inert  d  iiaeter  dirhed. 

thickness  varied  with  «a:*riai  density  so  ?  r.at  ml  specimens  initially 
v*  .ghed  the  rue 

Heat  treat*!*.-.*  per  TVtle  i,  Append  1*  D;  f  <-wr>o' '  •  >n  r**r  ~aMe  : 
Appendix  C;  end  -  *'  1  i  i  n-  prr  .O* 


(2) 


r*  'i*'  re-cc 


LTV  VDUGHT  AERONAUTICS  DIVISION 


ATP.  A,  2-53100/5R-21T9 
PACE  1.53A 


TABLE  2-33 

ROTATING  DISC  CAVITATION-CORROSION  DATA^ 


CAVITATION-CORROSION  RATE  (ul/hr) 

WATER 

MATERIAL 

HARDNESS 

TYPE 

100 

125 

150 

TI  6AL-UV*2* 

Rc-35 

Sea 

0 

0.2 

0*8 

TI  8AL-2CB-1TA 
(2) 

Rc-26 

Sea 

0 

Scrubbing 

0.51 

AISI  U330K  KR 
CLADDING  (2) 

Rc-38 

Fresh 

Scrubbing 

0.11 

No  teat^ 

AISI  U33CM  FOR 
CLADDING  (2) 

Rc.36 

Ses 

Scrubbing 

0.09 

1.1 

AISI  *330N  FOR 
COATING 

Rc-W» 

Sea 

Scrubbing 

Scrubbing 

0.33 

AISI  1016  MILD 
STEEL  (4) 

5b- 65 

Fresh 

0.1 

0.17 

1.70 

AISI  1016  MILD 
STEEL  (k) 

Rb-65 

Sea 

0.1 

0.28 

2.27 

(1)  Naval  Applied  Science  Laboratory  Rotating  Disc  Test.  Shaft  Speed  -  3200  RBI. 
Water  Pressure  -  15  PSIG. 

Water  Type  Flew  Rate  (GFtt)  Inlet  Temp,  (*F)  Outlet  Itestp.  ( *F) 

Sea  7.8  50  58 

Fresh  9.5  65  72 


All  speclaens  except  AISI  I0l6  were  1.0  inch  x  0.050  inch  Inserts  bonded 
In  SAE  1020  discs. 

(2)  Heat  treatment  per  Tfcble  1,  Appendix  D;  Composition  per  Table  1,  Appendix  C; 
and  Welding  per  Section  2.0,  Appendix  D,  reference  2. 

H)  Insert  lost  during  test. 

(*)  Data  included  for  comparison  only. 
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2.9  CORROSION-FA  TIQUE 


Rotating  beam  corrosion-fatigue  teats  were  performed  by 
the  International  Nickel  Company  at  the  Harbor  Island  (Kure  Beach) 
Corrosion  Laboratory,  Test  procedures  and  results  are  shown  in  Tfeble 
2-31*  for  the  titanium  alloys  and  AISI  U33OM.  Additional  corrosion- 
fatigue  data  are  presented  in  Sections  k.3  and  k.6  of  the  basic  report. 
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2.10  COATING  SYSm  TEST  RESULTS 

2.10.1  STATIC  DMERSION 

Sea  water  imnersion  teats  of  coating  systems  were  performed 
much  In  the  same  manner  as  previously  described  in  Section  2.5,  Appendix  A 
for  uncoated  materials.  Weight  gains  and  losses  were  recorded  for  coated 
specimens  during  each  reporting  period,  however,  evaluation  was  accom¬ 
plished  by  visual  observation. 

Results  for  the  two  primary  coating  systems  evaluated  in 
Phase  II  are  presented  in  Table  2-35.  The  specimens  removed  at  monthly 
Intervals  are  shewn  in  Figure  2.8  and  2.9. 

Because  of  the  rapid  degradation  of  17-^FH  (H  1025)  and 
(H  1075)  in  Phase  II  static  corrosion  tests,  additional  welded  17-^PH 
(H  1025)  specimens  were  exposed  (l)  Uncoated,  (2)  100^  Neoprene  Coated, 

(3)  95 %  Neoprene  Coated  and  (4)  90^  Neoprene  Coated.  These  specimens  were 
exposed  to  determine  if  (l)  the  previous  Phase  II  static  corrosion  data 
for  welded  17-^PH  (H  1025)  were  reproducible  and  (2)  to  determine  If  the 
static  corrosion  damage  to  welded  17-^PH  (H  1025)  was  reduced  when  the 
material  was  exposed  fully  coated  and  5  and  10^  of  the  surface  area 
uncoated.  The  results  of  these  tests,  presented  in  Thbles  2-36  and  2-37, 
indicate  both  of  the  above  points  are  true.  The  condition  of  one  specimen 
of  each  type  after  the  12th  monthly  removal  is  shown  In  Figure  2.10. 

The  GAEC  #1012/Magna  Laminae  X-500  PC(H)-1  coating  system  was 
also  exposed  to  static  imnersion  test.  The  results  are  presented  in  Table 
2-38  and  the  condition  of  specimens  after  the  12th  monthly  removal  and  12 
months  continuous  immersion  are  shewn  in  Figure  2.11. 

Static  immersion  data  for  Phase  III  coating  systems  are 
included  in  Section  U.7  of  the  basic  report. 
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SEA  WATER  STATIC  DtCRSTOft  DATA  FOR  WELDED,  lOO*  U (COATED  AMD  WELDED,  100*  MCSITEI  60125 
lEOPRHfE  COATED  1  r-UPH  (H  10?5)  SPEC  00513  RB40VED  HCW'EHLY(  1 ) 


T*BL£  2-37 

WATH*  CTAT7C  DNOERSTOII  DATA  POB  WELDED  1Y-4PH  (H-1023>)  gPBCDOKS  90%  CCATID  (10*  UNCOATCD 
'/>♦  COATTD  (“>*  'JHCQA7TD j  WITH  20  NILS  H06 TTTS  6012^(1)  NKJWOfK  COATTO,  RBtOVSD  IdmiU 


LTV  WJUOfT  ABWHAUTICS  DIVISION 


APP.  A,  2-->nOO/y<-?179 

PAOi  i  '2A 


*Aoq»  »»  aovg  I  I  AAOQ-W  »•  I  ;  * ^  ,  I  rf/Oq* 


LTV  VOUGHT  AERONAUTICS  DIVISION 


APP.  A,  2- 5 3 100/ 5R- 21 79 
PAGE  1.63A 
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(3) 

(M 

(5) 

(6) 


TABLE  2-37  (CONTINUED) 

Heat  treatment  per  'Ifeole  1,  Appendix  D;  Compos i 1 1  or,  per  Ifcble  1, 
Appendix  C  and  Welding  per  Section  2.0,  Appendix  D,  reference  2. 

See  page  I.'^A  for  coating  application  procedure. 

Specimens  removed,  cleaned,  inspected  and  returned  to  test  each 
mon  th . 

See  Figure  2.10. 

Not  Reported 


Cut  edge  refers  to  edge  of  coating  adjacent  to  uncoated  area. 
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W.m  EMERSION. 
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2.10.2  SEA  WATER  IMPINGEMENT 

Phase  II  coating  systems  were  subjected  to  90  knot  sea 
water  impingement  as  described  in  Section  2.7 ,  Appendix  A.  Details  of 
the  coating  systems  ana  test  results  are  presented  in  Ifeble  2-39. 

Results  of  90  knot  sea  water  tests  on  Phase  III 
coating  systems  are  shown  in  Section  U.7  of  the  basic  report. 


TABLE  2-  VI 

90  ttNOT,  U*)-.  SW-.  WATEB  MPINGFXOIT  DATA  Ft*  COATINGS  APPLIED  ON 
ETOHE-Oi^SS  LAMINATE  AND  AI3I  M30M  STEEL 
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2.10.3  CAVITATION- EROS  ION 

NASL  rotating  disc  cavitation  tests  were  run  on  two 
Phase  II  coating  sya terns.  Details  of  the  coating  systems,  test 
procedure  and  results  are  shown  lr.  Tfcble  2-40. 

Rotating  disc  cavitation-erosion  results  for  Phase  III 
coatings  are  presented  in  Section  4.7  of  the  basic  report. 
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2.10.4  conrim  application  procfewhes 

2.10.4.1  'Hie  coated  static  Immersion  specimens  tnriica’ed  In  TVole  2-,r; 

were  prepared  as  follows. 

A.  AISI  4330K 


1.  Application  of  Mosltes  1^00 


a.  Grit  blast  all  surfaces. 

b.  Vapor  degrease 

c.  Brush  on  thin  coat  of  Mosltes  1500  primer,  air 
dry  15  minutes  at  room  temperature  and  15  minutes  at  160°F,  cool. 

d.  Brush  on  thin  coat  of  Mosltes  1500  adhesive,  air 
dry  15  minutes  at  room  temperature  and  15  minutes  at  160°F,  cool. 

e.  Re1!  20  mil,  Mosltes  1500  calendered  polyurethane 
sheet  on  one  (l)  flat  surface  and  all  edges. 

f.  Vacuum  bag  and  cure  1  hour  In  autoclave  at  310*F 

and  50  pslg. 

2.  Application  of  Coast  Pro-Stal  77  TP  and  793 


a. 

Grit  blast 

uncoated  surface. 

b. 

Solvent  wipe. 

c. 

Spray  on  thin  cost  o'’  7?  prime 

r.  all  dry 

30  minutes. 

d. 

Wine  edges 

of  Mosltes  1500  with 

toluene,  air 

dry  15  minutes. 

e . 

Apply  five 

(s),  4  mil  coats  0 

9 3  on  uncoated 

surface  and  edges. 

Air  dry  4  1.0  16 

hours  between  coair. 

Cure  ’  leys  at 

rvuon  temperature. 

B.  HY 

100 

1.  Mosltes  60125 


a.  Grit  blast  all  surfaces. 

b.  Vapor  degrease. 

c.  Brush  apply  a  thin  coat  of  Mosltes  60125  primer 
air  dry  15  minutes  at  room  temperature  and  15  minutes  at  i60*F. 

d.  Brush  apply  a  thin  coat  of  Mosltes  0O125  adneslve 
air  dry  15  minutes  at  room  temperature  and  15  ml' -ces  at  l60*F. 

e.  Roll  20  mils  Mc;!*ru  O0125  calendered  neopren** 
sheet  on  all  surfaces,  overlapping  on  one  surface  and  sealing  along  ends. 

f.  Vncuim  bag  and  cure  1  hour  In  autoclave  at  31C°F 


and  50  pslg. 


2.10.4.2  Tt>e  coated  static  lamersion  specimens  indicated  in  Tables  2-3 
and  2-32  were  prepared  as  follows. 

A.  100*,  95*  and  90*  neoprene  coated,  welded  12-4PH  (R  1025) 


1.  Grit  blast  all  surfaces. 

2.  Vapor  degrease. 

3.  Maak  0.4  Inch  x  12  Inch  area  along  edge  for  two  95* 
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two  lOOjfc  coated  speclmenr  and  real  e r,  1  r,  of  a  .  1  specimens. 

‘  .  Vacoum  oag  arid  c  re  1  r.o_»r  in  a^tonia-e  a*  <  1 0 “ 5* 


50  psig. 


boi/ent  wipe 


7.  remove  mas  King 
uncoa’ed  areas. 


‘  ram  and  '^Ot  coated  soeclmer-r, 


r  A,-  * 


an 


and 


B.  The  welded  1  -*PH  (H  without  coating  we^e  vaocr 

honed  prior  to  exposure. 

2. 10. 3  Ifie  coating  application  procedure  for  the  GASO#  10 12/ Laminar 

X-500  coated  specimens  Indicated  in  Table  2-38  was  not  famished  with  the 
specimens. 


